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ABSTRACT 
A small set of proteins, termed Nectarins, are secreted into the nectar of ornamental 
tobacco (Mcofwz/%% fongf a Mcofwrna fowferog). The most highly expressed protein, 
Nectarin I (29 kD monomer), was originally identified as a germin-like protein (GLP) of 
unknown function. This remarkably stable protein was later shown to possess manganese 
dependent superoxide dismutase activity. Hydrogen peroxide, the product of SOD activity, 
was found to accumulate in nectar at levels up to 4 mM. The promoter (1.2 kb) of the 
Nectarin I gene was fused to the reporter gene chloramphenicol acetyl transferase (CAT) and 
shown to be expressed in mature nectary tissues only at times when nectar is actively being 
secreted. 
Nectarin n (35 kD) was identified as a dioscorin-like protein and found to be a 
degradation product of Nectarin m (40 kD). These proteins were shown to posses 
monodehydroascorbate reductase and carbonic anhydrase activity. Nectarin V (-65 kD) was 
identified as a berberine bridge enzyme-like protein and found to contain a covalently bound 
molecule of FAD. Both Nectarin m and Nectarin V shared very similar expression patterns 
with those of Nectarin I. 
The hypothesis of this work is that nectar proteins are secreted into nectar to maintain 
an axenic state and to protect the developing gynoecium from microbial attack and oxidative 
damage. Specifically, the proposed functions of these nectar proteins include: the production 
of hydrogen peroxide for floral defense, maintenance of nectar pH, and maintenance of 
ascorbate levels in nectar. 
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CHAPTER 1. GENERAL INTRODUCTION 
INTRODUCTION/LITERATURE REVIEW 
A complex dynamic exists between plants and animals. One example is that many 
angiosperms expend high levels of energy in an effort to attract pollinators. This interaction 
assures efficient seed set for the plant, which in turn increases the likelihood that a particular 
plant species will successfully reproduce. There are several strategies plants use to attract 
pollinators and one such tactic employed is to offer a rich reward of floral nectar. Nectar 
may be ingested directly by pollinators such as birds, bats, butterflies and even certain 
primates or taken back to a hive by bees for nourishment of young larvae in the form of 
honey (Baker and Baker, 1983). Aristotle was aware of the connection between flowers, 
bees and honey in the 4th century B.C., but it wasn't until the 1800's that much importance or 
study was placed on plant-pollinator interactions (Lorch, 1978; Baker and Baker, 1983). 
Until the early 20th century most authors referred to the liquid that accumulated in flowers as 
honey, whereas, the current usage of the term "nectar" can be attributed to Knuth (1906-
1909, in Loirh, 1978). 
Nectar has long been known to taste sweet and thus recognized for its sugar content 
(e.g. Caspary, 1848 from Lorch, 1978). Because of this characteristic, the vast majority of 
reports on nectar have dealt with sugar compositions, however, many efforts have revealed 
that most nectars consist of a unique and complex chemical composition. It is important to 
note that nectar is not a mere metabolic by-product but is rather an actively secreted fluid 
specially designed for the attraction of pollinators (Fahn, 1979). 
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Chemical composition of floral nectar 
Nectar is an aqueous solution that primarily consists of simple carbohydrates such as 
sucrose, glucose and fructose at concentrations of 8-50% (w/v) (Durkee, 1983; Baker and 
Baker, 1983). However, other minor carbohydrates (mannose, maltose, melibiose, 
melezitose, and raffinose) have been identified. It often also contains other solutes such as 
amino acids, lipids, antioxidants, alkaloids, phenolics and metal ions (Baker and Baker, 
1983). Although these solutes occur at concentrations lower than those of sugars, these 
levels are not negligible (Baker and Baker, 1983). For example, the nectars of many tropical 
trees and certain other species contain so much lipid so as to give the nectar a milky 
appearance (Baker and Baker, 1983). Also the nectar of ornamental tobacco contains amino 
acids at ca. 370 |ig/ml (Carter and Thomburg, unpublished). The chemical composition of 
nectar has been extensively reviewed and the author suggests articles by Baker and Baker 
(1983) and Lorch (1978) for those wishing to learn more on this topic. 
Nectaries 
Plants secrete nectar via organs termed nectaries. As one may expect, nectaries first 
appeared in plants during evolution about the same time that plant/animal interactions began 
(Lawton and Heads, 1984). These secretory organs vary greatly between differing species of 
plants and nectaries may be found in extrafloral or floral tissues. Extrafloral nectaries are 
found in various vegetative tissues (stems, leaves, pedicels, stipules) (Esau, 1977), however, 
extrafloral nectar is not generally recognized as a pollinator attractant and thus is not 
considered further in this thesis. 
Floral nectaries differ widely in anatomy and location between species of plants. 
These secretory tissues have been found in or associated with sepals, petals, stamens, 
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receptacles and the gynoecium. They are not necessarily highly-organized tissues (Esau, 
1977; Nepi et al., 1996), may occur multiply or singly and may range from relatively simple 
surfaces to multicellular structures. However, most nectaries consist of a mass of small, 
dense secretory cells (Durkee, 1983; Esau, 1977; Fahn, 1979). The actual secretory cells 
may be one or several layers deep and are usually covered with a thin cuticle. 
The ultrastructure of nectariferous cells often consist of conspicuous organelles such 
as: endoplasmic reticulum, Golgi bodies with vesicles, ribosomes, mitochondria, vacuoles 
and plastids often packed with starch (Durkee, 1983). For cells with starch laden plastids, the 
carbohydrate accumulation appears to occur just prior to anthesis and then a rapid decline in 
starch occurs following the initiation of nectar secretion (Tacina, 1973; Durkee et al.; 1981). 
Thus, starch accumulation and a resultant degradation have been suggested to be a be a 
significant source of nectar sugars (Nepi, et al., 1996). 
Vascularization of nectaries also varies greatly (Frei,1955; Kartashova, 1965). A 
study of 366 species from many different plant families showed that about 40% had no 
vascularization, 48% contained phloem, and 12% contained both phloem and xylem (Fahn, 
1979). If nectaries are predominantly vascularized by phloem the sugar concentration may 
reach 50%, whereas xylem-predominant nectaries produce a dilute nectar (-8% sugar) 
(Durkee, 1983). Interestingly, the vascular tissue that supplies the nectary does not come 
into direct contact with the actual secretory cells but is separated from them by one or more 
cells compromising nonglandular or subglandular parenchyma (Durkee, 1983). 
Secretion of nectar from cells is thought to occur through one of two manners. These 
theories include eccrine secretion which involves active molecular transport across the 
membrane and granulocrine secretion where vesicle membranes fuse with the plasmalemma 
and spill vesicle contents into the extracellular spaces (Fahn, 1988; Durkee, 1983). Both 
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mechanisms have support and include movement of nectar through the cells (symplastically) 
and through the cell walls and intercellular spaces (apoplastically). These mechanisms are 
not mutually exclusive and there is no reason that both can not occur together to produce 
nectar. The actual release of nectar from the nectary surface may occur through several 
mechanisms, which include: diffusion through thin cell walls, secretion through tricornes or 
stomata, or through a ruptured cuticle (Durke, 1983; Fahn, 1988; Davis and Gunning, 1992; 
Zer and Fahn, 1992; O'Brien et al, 1996). 
Based on ultrastructural and cytochemical studies it appears that nectaries are active 
metabolic systems, supporting the idea that they are truly glands and not simply terminal 
organs for the exudation of nectar (Fahn, 1988). 
Nectardes) in ornamental tobacco 
Ornamental tobacco (Mcofia/wz ZangMfor#» and M fomigrog) plants are about 30 cm 
tall, yet they typically produce numerous (50 to 70) large inflorescences (Komaga et al., 
1997). Uniquely, these plants also produce copious quantities of nectar. In these plants the 
nectary consists of a single bowl-shaped gland which is fused to the base of the ovary (see 
Figure 1-1). It is bright orange in color due to the accumulation of high levels of (3-carotene 
within chromoplasts (Barua and Thomburg, unpublished). Nectar appears to be secreted 
only from a limited region of each lateral face of the nectary. These regions have an 
abundance of modified stomata in a variety conformations (open, partially open, closed, etc.) 
and outside of these lateral faces stomata do not occur on the surface of the nectary (see 
Figure 1-2) (Homer, Carter and Thomburg, in preparation). The implication of stomata in 
nectar secretion has been noted on numerous occasions (e.g. Davis and Gunning, 1992; 
O'Brien et al., 1996, Gaffai et al., 1998). Whether these stomata actively regulate nectar 
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secretion in tobacco is currently unknown; however, in several species these modified 
stomata have apparently lost their ability to close (O'Brien et al., 1996). 
The chemical composition of tobacco nectar has been partially characterized and was 
found to contain -35% (w/v) sugar with sucrose, fructose, glucose in approximately equal 
concentrations (Graham, 1998; Carter and Thomburg, unpublished). Further, 11 of the 20 
common amino acids were identified with proline being the most prevalent and a total amino 
acid concentration of ca. 370 |ig/ml (Carter and Thomburg, unpublished). 
Microorsanisms in nectar? 
An examination of the substances found in nectar suggests that it may serve as a 
remarkable medium for the growth of microorganisms. One can find simple sugars, amino 
acids, vitamins and metal ions. Indeed, there are reports of yeast and bacteria that commonly 
inhabit certain nectars (e.g. Baker and Baker, 1975; Gaffai et al., 1998). Further, AapergzZW 
y&zvwj infection of cotton seed was found to be initiated through its nectaries (Klich, 1990); 
however, reports of plant infection through flowers/nectar(ies) are apparently rare and the 
nectar of tobacco plants is evidently axenic or at least has antimicrobial properties (see 
Appendix A) (Carter and Thomburg, unpublished data). This is interesting since ornamental 
tobacco flowers may be open for one week or longer prior to petal dehiscence. It is likely 
that airborne or pollinator-bome pathogens would come in contact with the rich nectar during 
this time. The proximity of nectar to the gynoecium, the site of seed development, could 
have potentially unfavorable evolutionary disadvantages if there was not an active defense 
mechanism(s) to prevent microbial growth. 
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ProfeiMJ in omafMeM&zZ foAacco necfar 
One interesting yet considerably overlooked component of nectar is the presence of 
proteins. To date, there have only been a handful reports on proteins occurring in nectar, 
most of which have failed to identify or characterize the proteins therein (Beutler, 1935; 
Frey-Wyssling et al.,1954; Zimmerman, 1953; Liittge and Schnepf, 1976; Zauralov, 1969; 
Scogin, 1979). There is only a single semi-detailed report on the identification of proteins in 
leek nectar (Peumans et al., 1997). In 1994, Dr. Robert W. Thomburg discovered a limited 
array of proteins expressed in the nectar of ornamental tobacco. These proteins were later 
termed "nectarins". The hypothesis of this report is that the nectar proteins of ornamental 
tobacco exist to maintain an axenic state within nectar. The following chapters describe 
attempts to identify and characterize these nectarin proteins. 
DISSERTATION ORGANIZATION 
Apart from the compulsory introductory and concluding sections, the main body of 
this composition consists of four chapters (chapters two through five) which describe the 
identification and characterization of three proteins expressed in the nectar of ornamental 
tobacco (Mcofwzna brngado/]#» x Mcofia/ia Mwwfgrae). Each of these chapters represents a 
journal article which has been published or will be submitted for publication. 
Chapter Two details the identification and limited characterization of the most highly 
expressed nectar protein, Nectarin I. For this manuscript, Richard A. Graham performed the 
Western blotting analyses and determined the internal amino acid sequence following 
cyanogen bromide digestion of the Nectarin I protein. The discovery and detailed 
characterization of the enzymatic activity and protein structure of Nectarin I is described in 
Chapter Three. An examination of the activity of the Nectarin I promoter is explored in 
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Chapter Four. Chapter Five describes the identification and preliminary characterization of 
the Nectarin H, Nectarin m and Nectarin V proteins. 
An appendix has also been included to further support the hypothesis that nectarins 
serve to maintain an axenic state in nectar. This appendix describes the production of 
superoxide in tobacco nectaries by a nectary expressed NADPH oxidase and the resultant 
production of antimicrobial levels of hydrogen peroxide. Also a putative function for 
Nectarin IV and a preliminary EST analysis of nectary expressed mRNAs are detailed. All 
works herein are presented in whole and thus each may contain redundant information, 
particularly pertaining to introductory and concluding sections within the respective chapters. 
Not included in this dissertation is a significant body of work on Nectarin I homologues 
(germin-like proteins, GLPs) from AraAwfopaif fAa/wina. For those who wish for more 
information on these homologues the author suggests the following publications: 
Carter, C. and Thomburg, R.W. (in preparation) Cloning and characterization of the 
f/za/zana genes encoding GLP5, GLP7 and GLP8. 
Carter, C. and Thomburg, R.W. (1999) Germin-like proteins: Structure, Phylogeny and 
Function. J f BW. 42:97-108. 
Carter, C. and Thomburg, R.W. (1999) Characterization of a gymnosperm-like germin-like 
protein (GLP7) gene (API70550) fromf/onf PAyaW. 121: 312. 
Carter, C. Graham, R. and Thomburg, R.W. (1998) vdraWopai? fWwzmz contains a large 
family of Germin-like Proteins: Characterization of cDNA and genomic sequences 
encoding 12 unique family members. fYm# AW. 38:929-943 
Carter, C. and Thomburg, R.W. (1998) Cloning and characterization of the 
fWiama germin-like protein 1 gene (AF090733). f/onf f/zyafo/. 118:1102. 
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Figure 1-1. Longitudinal section of an ornamental tobacco flower actively secreting nectar. 
Labeled tissues include: Nectary (n), Ovary (o) [style has been removed from the tip of the 
ovary], Floral tube (ft), Calyx (c), and Receptacle (r). 
12 
ft 
Figure 1-2. Examination of nectary surface structure. A. Nectaries from different 
developmental stages (Stage 2, Stage 6 and Stage 12, respectively; defined by Koltunow et 
al., [1994]). The boxed region is shown in detail in panel B. B. Scanning electron 
micrograph of nectary with ovary at top. Note the circular depression in the lateral face of 
the nectary in the center of the boxed region. C. Close up in depressed region of panel B 
showing field of modified stomates. D. A closed stomata. E. A partially open stomata. F. 
An open stomata filled with secreted material of unknown identity. All scanning electron 
micrographs courtesy of Dr. Harry T. Homer, Botany Department, Iowa State University. 
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CHAPTER 21. NECTARIN I IS A NOVEL, SOLUBLE GERMIN-
LIKE PROTEIN EXPRESSED IN THE NECTAR OF 
A7COTM7YA &P. 
A paper published in Plant Molecular Biology 
Volume 41; pp. 207-216,1999. 
Clay J. Carter, Richard A. Graham and Robert W. Thomburg 
ABSTRACT 
We have identified a limited number of proteins secreted into the nectar of tobacco 
plants. Nectarin I is the most highly expressed nectar protein and has a monomer molecular 
mass of 29 kDa. The other major nectar proteins are expressed at lower levels and have 
monomer molecular masses of 41, 54 and 65 kDa respectively. Nectarin I was purified and 
antiserum was raised against the protein. Under nondenaturing conditions, Nectarin I has an 
apparent molecular mass of >120 kDa. The expression of Nectarin I was restricted to nectary 
tissues and to a much lower level in the ovary. No Nectarin I was found in petals, stems, 
leaves, or roots or other floral tissues. The expression of Nectarin I was also 
developmentally regulated. It is expressed in nectary tissues only while nectar is being 
actively secreted. Subsequently, the N-terminus of purified Nectarin I was sequenced. 
Sequence identity showed Nectarin I is related to wheat germin. Although hydrogen 
peroxide is readily detectable in tobacco floral nectar, we were unable to demonstrate any 
o x a l a t e  o x i d a s e  a c t i v i t y  f o r  N e c t a r i n  I .  A  p a r t i a l  c D N A  e n c o d i n g  t h e  m a t u r e  N e c t a r i n  I N -
terminus was isolated and used to probe a Mcofwma genomic library. The 
Nectarin I gene was isolated and the translated sequence was consistent with both N-terminal 
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and internal cyanogen bromide-derived amino acid sequence. The gene contains a single 386 
nt intron and encodes a mature protein of 197 amino acids. 
INTRODUCTION 
Many plants require insect or avian pollinators to obtain efficient seed set. 
Dicotyledonous plants often attract these pollinators with offerings of floral nectar that is 
secreted into the floral tube at the base of the ovary. Nectar is a rich source of sugars and 
amino acids and provides a reward to pollinators, thereby increasing the fecundity of those 
plants that provide nectar. The secretion of nectar is usually under developmental control 
beginning when the flowers open. After pollination, the nectar is frequently resorbed 
(Burquez and Corbet, 1991). In addition, nectar secretion increases as the flower is visited 
by pollinators (Smith et al., 1990). 
The composition of nectar has been widely studied. Nectar is an aqueous 
combination of a significant number of substances. Chief among these are sucrose, glucose, 
and fructose. Other carbohydrates including arabinose, galactose, mannose, gentiobiose, 
lactose, maltose, melibiose, trehelose, melezitose, raffinose, and stachyose have also been 
identified in nectars of some flowers (Baker and Baker, 1981). Various types of nectars can 
be ordered into three groups according to sugar content: sucrose prevalent, glucose and 
fructose prevalent, and equal amounts of sucrose, glucose, and fructose (Roshchina and 
Roshchina, 1993). Interestingly, sugar concentrations vary greatly depending on the type 
and location of the nectary (Roshchina and Roshchina, 1993). A relationship exists between 
the sugar composition of the nectar and the amount of vascular tissue underlying the nectary 
(Esau, 1977). If phloem makes up most of the vascular tissue, the nectar may contain up to 
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50% sugar. On the other hand, if xylem predominates, the sugar content may fall to as little 
as 8% (Frey-Wyssling, 1955). 
Some nectars also contain amino acids (Baker and Baker, 1973). All twenty of the 
normal amino acids found in protein have been identified in various nectars, with alanine, 
arginine, serine, proline, glycine, isoleucine, threonine, and valine being the most prevalent. 
Other substances reported in nectar include organic acids (Baker and Baker, 1975), terpenes 
(Ecroyd et al., 1995), alkaloids (Deinzer et al., 1977), flavonoids (Rodriguez-Arce and Diaz, 
1992), glycosides (Roshchina and Roshchina, 1993), vitamins (Griebel and Hess, 1940), 
phenolics (Ferreres et al., 1996), and oils (Vogel, 1969). Using laser mass spectroscopic 
microanalysis, Heinrich (1989) found that the major cation of most nectars was K+, making 
up 35-74% of the total cation content. Averages of other notable cations were Na+ (17.9%), 
Ca+2 (12.8%), Mg+2 (5.9%), Al+3 (4.6%), Fe+3 (1.2%), and Mn+% (0.8%). 
Notable among these analyses of the composition of nectar is the lack of studies 
characterizing the presence of proteins in nectar. Although the presence of proteins in nectar 
has been long reported (Beutler, 1935), there has not been to date a focused examination of 
the presence of proteins in nectar. Indeed other than secreted digestive enzymes in 
carnivorous plants (Scala et al., 1969; Heslop-Harrison and Knox, 1971), only a single report 
(Peumans et al., 1997) has characterized any nectar proteins. 
In this report, we have determined that tobacco plants secrete a limited array of 
proteins into their nectar. Subsequently, we identified the major nectar protein, Nectarin I, as 
a novel germin-like protein (GLP). We have characterized its expression and have isolated 
the gene encoding Nectarin I. 
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MATERIALS AND METHODS 
?Za»f maferiaZ 
The tobacco plants used in this study were derived from an interspecific cross 
between Mcofiana and M fawkrag. Both of these species are diploid and 
belong to the Alatae section of Nicotiana. These plants were previously used to study a 
genetic instability (Komaga et al., 1997) that was initially observed in the first half of this 
century (Smith, 1937), later lost and reconstructed in 1989. The genetic instability within 
these plants behaves like a transposable element and was found to reside at a genetic locus 
that encodes flavonoid 3'-hydroxylase, dehydroflavonol reductase, leucodelphinidin 
dehydratase, or a regulatory locus controlling the expression of one of these loci (Komaga et 
al., 1997). Later, these plants were self-pollinated to produce a compact highly flowering, 
ornamental variety of tobacco (Komaga and Thomburg, unpublished). The original nectarin 
tests were done with plants from the F4 generation. All tobacco plants were grown under 16 
h day/8 h night in the greenhouse. 
Mecfar co#ecfzo/% 
Nectar was collected from tobacco plants by gently separating the floral tube from the 
calyx of the flower and squeezing the base of the floral tube. The droplet of nectar exuded 
from the collapsing floral tube base was collected in a microfuge tube. Each flower collected 
produced ca. 20 |H of nectar. Nectar samples were kept on ice and routinely stored at -20 °C 
prior to use. For enzymatic assays, nectar was used immediately following collection. 
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Efzzymafic offcryf 
The procedure described by Sugiura et al. (1979) was used for the assay of oxalate 
oxidase activity in solution, using a commercial preparation of barley oxalate oxidase as a 
positive control. 
Cyanogen bromide dfgaMion 
Nectar (1 ml) was combined with 9 ml of ice-cold 100% ethanol in an Oak Ridge 
tube, mixed by inversion, and incubated on ice for 15 min. The solution was then 
centrifuged at 65 000 g in a Ti70 rotor for 20 min. The pellet was resuspended in 100 (il of 
10 mM phosphate buffer, pH 7.4, and run on a 12% SDS-PAGE according to the method of 
Laemmli (1970). This ethanol precipitation method resulted in recovery of 60% of total 
nectar protein but only 5% of nectar carbohydrate. After electrophoresis, the gel was briefly 
stained in 0.5% Coomassie blue and destained until the protein bands became visible. The 
protein band corresponding to Nectarin I was excised from the gel with a razor blade and 
placed in a 10 ml beaker. The beaker containing the gel slice was then placed inside a 500 
ml Erlenmeyer vacuum flask containing 20 mg of cyanogen bromide dissolved in 1 ml of 
trifluoroacetic acid (Wang et al., 1994). The flask was sealed with a rubber stopper, twice 
purged with nitrogen, and sealed under nitrogen in the dark. 
After a 24 h incubation period, the gel slice was removed from the flask and subjected 
to many changes (about 30) of 4x loading buffer (Laemmli, 1970) until the solution remained 
blue for longer than 1 min. A 3 mm thick preparative 17% SDS polyacrylamide gel was 
prepared. The gel slice was loaded onto the new gel and electrophoresed for 8 h at 100 
V. After electrophoresis, the gel was stained for 2 h in 0.1% Coomassie blue and destained 
overnight. The proteins were then transferred onto PVDF membranes by electroblotting. A 
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major protein fragment with a molecular mass of ca. 15 kDa was identified and sequenced on 
an Applied Biosystems 477A protein sequencer/120A Analyzer using sequential Edman 
degradation at the Iowa State University protein facility. 
Cloning methods were conducted either according to the manufacturer's directions or 
by accepted methods (Sambrook et al., 1989). PGR was performed according to the methods 
outlined in Erlich (1989). Oligonucleotides used for PGR amplification of the Nectarin I 
cDNA are Nec I oligol (5-GCNGAYGARGAYATG YT-3') and Nec I oligo2 (5'-
RAARTCNGCNGCNGTRAA-3), where R = G+A, Y = T + C, andN = G + A + T + 
C . The Mcofzana genomic library was kindly supplied by Dr Stephen 
Howell, Department of Biochemistry, Cornell University. 
JVec&znm 7 awf a/zfi?gn#n /wWwcfzoM 
The Nectarin I protein was purified by preparative SDS-PAGE. Nectar (1 ml) was isolated 
from a single plant, denatured and electrophoresed on a 12% SDS polyacrylamide gel. After 
3 h, the gel was briefly stained with Coomassie blue, destained and the protein band 
corresponding to Nectarin I was excised from the gel and lyophylized. The lyophylized gel 
was crushed and resuspended in 0.5 ml of phosphate-buffered saline. The homogenized gel 
(100 pi) was homogenized with 1 ml of Freund's complete adjuvant for injection into a 
female New Zealand white rabbit. Boosts consisting of 100 pi aliquots homogenized with 1 
ml of Freund's incomplete adjuvant were given on days 15 and 30. Beginning on day 54, 
blood was withdrawn from the rabbit, clotted, and processed for antiserum. 
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SDS PAGE and 
SDS-PAGE was conducted according to the methods of Laemmli (1970). Western 
blots were conducted according to the methods of Timmons and Dunbar (1990). 
RESULTS 
We had previously bred a small, ornamental tobacco variety from an interspecific 
cross between Mcofia/%% and M aafKkrag (Komaga et al., 1997). These plants 
are about 30 cm tall, yet they typically produce numerous (50 to 70) large 
inflorescences. Uniquely, these plants also produce copious quantities of nectar. Tobacco 
flowers secrete a limited array of proteins into nectar. We initially attempted to quantitate 
protein in nectar by (he method of Bradford (1976). This analysis demonstrated the presence 
of ca. 240 p,g/ml of protein in the nectar. We then used SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) to examine the nature of these proteins. This analysis verified 
that there indeed were proteins present in the nectar of these plants (Figure 2-1, lane 2). The 
major nectar protein, Nectarin I, has a molecular mass of 29 kDa when analyzed by SDS-
PAGE; the three other major nectar proteins have molecular masses of 41, 54 and 65 kDa, 
respectively, and are present at lower levels than Nectarin I. The nectar protein patterns from 
different plants segregating from the original N. x M aandgrag cross showed the 
presence of the same proteins. 
To determine whether these proteins were immunologically related, we purified 
Nectarin I by preparative SDS-PAGE and raised antiserum against this protein. This 
antiserum was used to probe western blots of total nectar proteins (Figure 2-1, Lane 3). As 
can be observed, the Nectarin I protein is unique and the other nectar proteins do not react 
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with the anti-Nectarin I antiserum. Preimmune antiserum showed no interactions with any 
nectar proteins. 
To evaluate the expression of the Nectarin I protein in different plant tissues, proteins 
were isolated from various flower tissues as described in Materials and Methods. Equivalent 
amounts of the proteins from the various tissues were electrophoresed, transferred onto 
nitrocellulose, and probed with anti-Nectarin I anti-serum. The results, shown in Figure 2-2, 
indicate that the highest level of the Nectarin I protein in floral tissues was found in the 
nectary (lane 4), with a much lower level found in ovary tissues (lane 5). 
In a separate experiment, proteins were isolated from petals, roots, stems, and leaves 
of tobacco plants. None of these tissues contained proteins that reacted with the anti-
Nectarin I antiserum (data not shown).Thus, it appears that high levels of Nectarin I 
expression were restricted within the nectaries and, to a much lower level, within the ovary. 
We have also examined Nectarin I expression during nectary development. Nectary 
tissues develop early in flower primordia and development of floral tissues can be divided 
into discreet stages (Koltunow et al.; 1990). By the time the flower is 0.5 cm long (about 
Stage 2), there is already a dark green band of cells at the base of the ovary that will 
eventually develop into the nectary. When flowers are 2 cm long (about Stage 8), the nectary 
color begins to turn a pale yellow. Nectarin I is not expressed at these early developmental 
stages, as can be seen in Figure 2-3, lanes 1 and 2. Just prior to flower opening (Stage 10-
11), when the flower is about 4 cm long, the nectary turns bright orange and begins to 
swell. At this time, Nectarin I production begins (lane 3). The flowers remain open (Stage 
12) for five to seven days while fertilization occurs. Nectar secretion and Nectarin I 
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synthesis (lane 4) both actively occur while the flowers remain open. After fertilization, the 
flower petals wilt, the style drops from the tip of the ovary, and nectar production 
ceases. One week after fertilization, Nectarin I is no longer present in the nectary or ovary 
tissues (lane 5). As development continues, the ovary distends with developing 
seeds. Although no longer functional, a clearly discernible band of nectary tissue remains 
even after seedpod dehiscence. 
Mgnfz/ïcafzon q/Wecfarin far a profem 
To determine the biochemical identity of Nectarin I, we purified this protein by 
preparative SDS-PAGE, blotted it onto PVDF membrane and determined the N-terminal 
sequence at the Iowa State University Protein Facility. This sequence was determined to be 
ADEDMLQDVXVADLHSKVKVNGFPXKAXFTAADFSSLAISKPGAT, where X is 
unknown. The sequence of the first 24 amino acids was high of quality, whereas the 
remainder was of lower quality. A Blast search (Altschul et al., 1990) demonstrated that the 
Nectarin I N-terminal sequence was related to wheat germin. Figure 2-4 presents the 
alignments of the Nectarin I N-terminal sequence with other related proteins. 
Germins are apoplastic proteins (Lane et al., 1986) that were first identified in 
imbibing wheat embryos (Thompson and Lane, 1980). They are ca. 30 kDa proteins that 
form either pentamers (McCubbin et al., 1987) or trimer/dimers (hexamers) (Woo et al., 
1998). They are glycoproteins and they also adventitiously bind large amounts of cell wall 
fragments (Jaikaran et al., 1990). A closely related but distinct isoform of germin termed 
pseudogermin has been shown to accumulate in developing wheat seeds. The N-terminal 
sequences of the germin and pseudogermin are very similar, but pseudogermin has unique 
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thermal stability. It is able to maintain its protein structure at 100 °C (ti/z = 6 min; Lane et al., 
1992). 
Recently an enzymatic activity was identified for wheat germin. Lane et al. (1993) 
demonstrated that wheat germin also functions as an oxalate oxidase. This protein produces 
hydrogen peroxide by oxidation of oxalic acid. We attempted to determine whether Nectarin 
I showed any oxalate oxidase activity. Although the product of oxalate oxidase activity, 
hydrogen peroxide, could be readily detected in floral nectar, we were repeatedly unable to 
demonstrate conclusively that Nectarin I had oxalate oxidase activity. Therefore, it appears 
that Nectarin I is structurally related to oxalate oxidase. 
As stated previously, another unique aspect of germins and especially pseudogermin 
(Lane et al., 1992) is that they have an unusually stable quaternary structure. To evaluate the 
quaternary structure of Nectarin I, we ran SDS-PAGE analyses of boiled and unboiled 
nectar. We used western blots to visualize the Nectarin I protein. As can be seen from 
Figure 2-5 (lane 2), in boiled nectar, Nectarin I runs as a 29 kDa monomer, whereas in 
unboiled nectar (lane 1), the Nectarin I protein runs as a diffuse high-molecular-mass band of 
>120 kDa. This size is consistent with both the pentamer model (McCubbin et al., 1987) and 
the trimer/dimer model (Woo et al., 1998) for germin-like proteins. Germin is also known to 
adventitiously bind large amounts of cell-wall fragments (Jaikaran et al., 1990). The diffuse 
character of the undenatured Nectarin I protein observed in Figure 2-5 is also consistent with 
carbohydrate binding to the Nectarin I protein. 
Based upon the amino acid sequence of the Nectarin I N-terminal peptide, we 
constructed a pair of degenerate oligonucleotides for PGR amplification of the Nectarin I 
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mRNA. Sequences of these oligonucleotides are presented in Materials and methods. 
Messenger RNA was isolated from the nectaries of the Nectarin I-producing plants. The 
first-strand synthesis was performed by reverse transcription. After the first-strand synthesis, 
PGR was used to generate a partial cDNA fragment. The fragment was blunt-end subcloned 
into the #mcll site of pUC19 to generate the clone pRT448. This partial cDNA was 102 
nucleotides in length and contained amino acids 1 to 34 of the N-terminal sequence. The 
sequence of the insert is presented in Figure 2-6 along with the amino acid translation of 
pRT448 compared with the N-terminal sequence of the Nectarin I protein. Only a single 
amino acid difference was identified between thé N-terminal sequence and the translated 
amino acid sequence of the cDNA (underlined in Figure 2-6). 
This partial Nectarin I cDNA clone was used to screen a pfwrnbagwi/Wia 
genomic library. Positive plaques were taken through three rounds of screening, which 
yielded a positive clone called lambda Np-Nectarin I. The gene was mapped using the 
pRT448 insert, and a 3662 nucleotide ZfgZII fragment was subcloned and sequenced. This 
clone, pRT454, contained the full-length Nectarin I gene. The Nectarin I sequence was 
deposited in GenBank as accession number AF132671. 
To confirm that this isolated Nectarin I gene does indeed encode the Nectarin I 
protein, we performed cyanogen bromide cleavage of the mature Nectarin I protein as 
described in Materials and Methods. Subsequently, we isolated the major cleavage fragment 
and determined the amino acid sequence of this peptide. Nine amino acids were identified 
from this analysis (MEGELDVGF). This sequence is indeed found within the Nectarin I 
gene at codons 129 to 137 of the pre-Nectarin I protein. Thus, not only does the N-terminus 
of the mature protein match the Nectarin I gene, but the internal amino acid sequence also 
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matches the gene sequences thereby confirming that this gene encodes the Nectarin I 
protein. 
The Nectarin I protein is encoded by two exons separated by a single 386 bp 
intron. The intron interrupts an (A*AG) codon Lys-49 of the preNectarin I protein. We 
compared the structure of the tobacco Nectarin I gene with structures of known 
GLP genes: GLP1 (Carter and Thomburg, 1998), GLP2b, GLP9 (Carter et al., 1998), and 
GLP5, GLP7, GLP8, GLP10 (Carter and Thomburg, 1999a; Carter and Thomburg, 1999b; 
Carter and Thomburg, in preparation). In the case of GLP1, GLP3b, and also with wheat 
germin (Figure 2-7), the GLP genes are encoded as a single exon; however, for most 
GLP genes the two exons/one intron pattern is typical. Interestingly, the tobacco 
intron is located at the same exact nucleotide as those introns found within the 
GLP5 and GLP 10 genes. As shown in Figure 2-8, these are the Aro&zdqpjw genes that are 
most closely related to the Nectarin I gene. In those AmtWopf» genes that do contain 
introns, the average intron length is 94 nt (84 to 107 nt) in contrast to the longer, 386 nt, 
tobacco intron. 
We also examined the 1.3 kb upstream promoter portion of the gene that likely 
regulates its expression. Initially we identified a putative TATA box that shows high 
similarity to the consensus plant TATA sequence (Joshi, 1987). This sequence is located 90 
nt upstream from the ATG start codon. A 'CCAAT' sequence is located 29 nt upstream from 
the TATA box. Wheat germins are known to be regulated by auxin (Bema and Bemier, 
1997). Both wheat germin genes (Bema and Bemier, 1997) and GLP genes 
(Carter and Thomburg, 1998; Carter et al., 1998) contain auxin regulatory 
sequences. Similarly, the Nectarin I gene contains two potential auxin regulatory sequences 
that are similar to the Auxin A Box defined by McClure et al. (1989). Furthermore, four 
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bZip protein-binding sites (Schmidt, 1993) are located throughout the 1.3 kb promoter. To 
understand whether these sequences function to regulate the expression of the Nectarin I 
gene will require further experimentation. 
C&aracferzzafzon off/# Meckzrm / profein 
The Nectarin I protein translated from the Nectarin I gene was examined using 
several on-line DNA analysis tools. The PSORT analysis tool (Nakai and Kanehisa, 1992) 
predicts the presence of N-terminal signal sequences based upon the methods of McGeoch 
(1985) and von Heijne (1986). The results of this analysis predicted the presence of a 32 
amino acid N-terminal signal sequence with the mature protein beginning with the sequence 
ADEDMLQ ...This is the exact sequence verified by our N-terminal sequencing of the 
mature Nectarin I protein. Therefore, the pre-Nectarin I protein is translated as a 229 amino 
acid protein with a molecular mass of 24,765 Da and a pi of 7.71. After removal of the 32 
amino acid signal sequence the resulting mature Nectarin I has a molecular mass of 21,062 
Da and a pi of 7.12. The PSORT tool also predicts the subcellular localization of 
proteins. The Nectarin I protein was predicted with relatively high certainty (78.6%) to be 
expressed extracellularly, as indeed it is found to be. 
A single site of N-glycosylation was identified (Asn-60). Interestingly, all 
GLPs and all wheat and barley germins have a glycosylation site in a similar 
location. Structurally this glycosylation site exists in a predicted loop region (Carter et al., 
1998; Gane et al., 1998). 
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P/ryZoggMgfic a/zafyai? of TViecfann 7, ggnnùw, wW Gif f 
To examine the phylogenetic relationships of the Nectarin I protein with germins and 
other germin-like proteins, two analyses were performed. First, we compared the amino acid 
sequence of Nectarin I with the amino acid sequences of all Ara6idop.m GLPs. As can be 
seen in Figure 2-8A, the Nectarin I protein is most similar to the GLP5 and 
GLP10 proteins. The ArdWopj/f GLP gene family consists of three distinct subfamilies 
(Carter et al., 1998) and the Nectarin I protein was classified as a member of subfamily 
2. The GLP2a and GLP2b genes of subfamily 1 are expressed in flowers (Membré et al., 
1997), whereas GLPs of subfamily 3 are expressed predominantly in leaves and vary during 
the circadian cycle (Membré et al., 1997). Expression of subfamily 2 GLPs has received less 
attention. 
In addition, we have also compared the Nectarin I amino acid sequence with the non-
Ara6Wopjw germin and germin-like proteins that are present in the GenBank. This analysis 
is presented in Figure 2-8B. The gymnosperm GLPs frGLP (Bishop-Hurley et al., 1998) 
and fcGerl (Domon et al., 1995) appear to be distinct from the monocot germins and the 
dicot GLPs. Further, the true germins form a separate subfamily that is distinct from the 
other non-Ara6%&%%m GLPs. The non-Ara6Wop,rù GLPs again define three distinct GLP 
subfamilies. As in Aro6#opj&r, the largest sub-family is subfamily 1. Nectarin I belongs to 
subfamily 2. The non-Aro6#opjw GLPs that are most closely related to Nectarin I are the 
germin-like proteins from fw6grojwm and Z/ycqpenHcon gacwZgnfzwH. To determine 
whether these proteins are expressed in the nectar of solanaceous plants or of Arabidopsis 
will require further analysis. 
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DISCUSSION 
Although the presence of protein in nectar has long been reported, the 
characterization of nectar proteins has lagged far behind. With the exception of the work in 
this report, to our knowledge only one other report (Peumans et al., 1997) has examined 
proteins in floral nectars. In that study, the authors identified two proteins, alliin lyase and 
mannose-binding lectin, that are present in the nectar of leek flowers. 
We have examined tobacco nectars and determined that these plants secrete a limited 
array of proteins in their nectar. The most highly expressed protein, Nectarin I, was purified 
and antiserum was raised. Western blot analyses permitted us to evaluate its spatial and 
temporal expression. Nectarin I was not detected in tissues other than the nectary and to a 
much lower extent in the ovary. Temporal analysis demonstrated that Nectarin I expression 
coincided with nectar secretion. Thus, there is an apparent coordination between the 
secretion of nectar from the nectary and Nectarin I expression. 
N-terminal analysis of Nectarin I indicates that this protein belongs to a family of 
proteins termed germin-like proteins. Germin is a 130 kDa protein that was first detected in 
germinating cereals (McCubbin et al., 1987). The extensive nature of this large protein 
family has only become apparent within the past few years. Germin-like proteins (GLP) 
have been identified in all species (monocot, dicot and gymnosperm) that have been 
examined to date. The best characterized germin-like protein family is in , where 
there are at least 27 individual family members (Membré et al., 1997; Carter et al., 1998; 
Sato et al., 1998). Thirteen of these have recently been identified in a locus that is present on 
three overlapping BAC clones (K15E6, MXF12, and K3K3) on chromosome V (Domon et 
al., 1995; Sato et al., 1998). The GLP proteins are expressed in a variety of tissues including 
seedlings, shoots, and immature siliques, but no analysis has been performed to examine 
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expression in flowers or nectaries. All of these GLPs are structurally related 
(Carter et al., 1998), yet their true function remains unknown. The simple fact that the 
genome contains 27 genes encoding GLPs suggests that the function of these 
proteins must be important. 
A variety of functions have been proposed for germins and GLPs, including 
secondary hydration of germinating embryos (Lane, 1991), responses to osmotic stress (Lane 
et al., 1992), and chaperones of cell wall oligosaccharides (Jaikaran et al., 1990). Based 
upon the recent identification of wheat germin as an oxalate oxidase, these proteins have 
been proposed to provide hydrogen peroxide that could participate in cell wall crosslinking 
(Lane et al., 1993) or in plant defense (Levine et al., 1994). Recently, several groups have 
demonstrated that both germin and oxalate oxidase activity increased during powdery 
mildew attack of wheat and barley (Dumas et al., 1995; Zhang et al., 1995; Hurkman and 
Tanaka, 1996) thereby strengthening the proposal that these proteins may be involved in 
plant defense. 
As shown in Figure 2-4, another interesting protein identified by the Nectarin I N-
terminal sequence was the plant receptor for rhicadhesin (Swart et al., 1994). Rhicadhesin is 
a protein made by TMizobwz that mediates the initial stages of attachment and binding of these 
bacteria to plant cells (Smit et al., 1989). The rhicadhesin receptor is a germin-like protein, 
closely related to Nectarin I, that was purified from pea roots based upon interactions with 
rhicadhesin (Swart et al., 1994). The isolation of this protein demonstrates that bacteria do 
interact with plant cells through germin-like proteins. While the primary function of germin-
like proteins remains unknown, bacterial adhesion should be Ideologically disfavored. Thus, 
the bridge between bacterial and plant cells may be an evolutionarily acquired function of 
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bacterial adhesins similar to that of bacteriophage Lambda tail protein, gp/, that interacts 
with the maltose transport protein (Randall-Hazelbauer and Schwartz, 1973). 
Nectar is not sterile. Insect or avian pollinators certainly transfer microorganisms 
from flower to flower. Based upon the fact that germin-like proteins interact with bacterial 
adhesins, a soluble germin-like protein (Nectarin I) could bind these adhesion proteins in 
solution thereby interdicting any bacterial-plant interactions that would be mediated by a 
rhicadhesin-germin-like protein system. 
Swart et al. (1994) demonstrated that the interaction between rhicadhesin and the 
germin-like protein occurs at an Arg-Gly-Asp (RGD) tripeptide motif within the germin-like 
protein. Nectarin I contains a variant of the RGD motif. Amino acids 119 to 121 of the 
mature protein are Lys-Gly-Glu (KGE). This motif is in the same location as the RGD 
tripeptide that occurs in other germin-like proteins. 
The gene encoding the Nectarin I protein is structurally similar to other GLP genes 
that have been isolated. Most of these genes contain a single intron interrupting codon 16 to 
20 of the mature protein. The Nectarin I intron interrupts codon 17 in the exact location as is 
found in the most closely related genes, GLP5 and GLP10. To further 
characterize the nature of the nectary-specific gene expression found with the Nectarin I 
protein, we are currently analyzing the Nectarin I promoter and secretory sequences in 
transgenic plants. 
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Figure 2-1. SDS PAGE and western blot of nectar proteins. A 10% SDS polyaciylamide gel 
containing 50 p.1 of 6esh nectar (lane 1) was run according to the methods of Laemmli 
(1970). The resulting gel was stained with Coomassie Blue and photographed. For western 
blots (lane 2) proteins were transferred onto nitrocellulose, blocked in Blotto (Sambrook et 










Figure 2-2. Western blot of tobacco flower tissues. Proteins were separated on a 10% SDS-
PAGE and processed for western blotting as described in the legend to Figure 1. Each lane 
contained 100 pg of total protein isolated from various floral tissues. Lane 1 contained boiled 
nectar, lane 2 boiled protein isolated from anthers, lane 3 from styles, lane 4 6om nectaries, 
and lane 5 from ovaries. 
40 
29 kD 
Figure 2-3. Nectarin I expression in developing nectary and ovary tissues. Proteins were 
separated on a 10% SDS-PAGE and processed for western blotting as described in the legend 
to Figure 1. Each lane contains 100 |ig «of total protein isolated from nectary and ovary 
tissues at different developmental flower stages. Lane 1, floral tube length 0.5 cm (Stage 2); 
lane 2, floral tube length 2 cm (Stage 6-8); lane 3, mature unopened flower (Stage 10-11), 
floral tube length 4 cm; lane 4, mature open flower (Stage 12), floral tube length 4 cm; lane 
5, mature post-fertilization flower, floral tube length 4 cm. 
29 kD 
Figure 2-4. N-terminal sequence of Nectarin I. The purified Nectarin I protein was blotted 
onto PVDF membrane and the N-terminal sequence was determined at the Iowa State 
University protein facility. A Blast search (Altschul et al., 1990) showed identity between 
Nectarin I and the class of proteins termed germins. The presented sequences are: the 
Nectarin I N-terminal sequence (this report) compared with the N-terminal sequences of 
wheat germin(GenBank accession number Y09917), barley germin (X93171), barley oxalate 
oxidase (P45850), and pea rhicadhesin receptor (S42642). The shaded areas represent amino 
acid sequence identity. 
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Nectarin I 
Wheat Germin MGYSKNLGAGLFGMLLLAPGVLA SDPDPZ^FQPWLDGKAVSVNGHPCKP 
Barley Germin MAS SCSFLLLAALLALVSWQATS "D?S:LQD :V. D'WBt- - l - Kg 
Barley OxOxase SÛPCPL lALDGXAVSVNGHTCKP 
Rhicadhesin Receptor iKDABALdÈLC^ADYASV ILVMGFASKP 
Figure 2-5. Western blot of boiled and unboiled nectar proteins. A 10% SDS-PAGE was run. 
The sample in lane 1 contained 50 pi of nectar that was not denatured by boiling prior to 
loading on the gel. The sample in lane 2 was processed according to the method of Laemmli 
by boiling the 50 |il nectar sample for 3 min prior to loading on the gel. Nectarin I proteins 
were visualized by Western Blotting. 
120 kD 
29 kD 
Figure 2-6. Sequence of the partial Nectarin I clone obtained by RT-PCR. Presented are: the 
sequences of the oligonucleotides Necl-N and NecI-34 used for amplification of the cDNA; 
the nucleotide sequence of the cDNA, pRT448; the translated amino acid sequence derived 
from the cDNA; and the N-terminal amino acid sequence of the purified Nectarin I protein. A 
single discrepancy is underlined. 
Oligo Necl-N 5'-GCN GAY GAR GAY ATG YT-3' 
pRT448 GCG GAT GAG GAC ATG CTC CAA GAT GTT TGT GTT GCT GAT CTA CAC TCA AAG GTG 
N. plumbaginifolia Ala Asp Glu Asp Met Leu Gin Asp Val Cyc Val Ala Asp Leu His Ser Lys Val 
i n t e r s p e c o f  i c  c r o s s  A D E D M L Q D V C V A D L H S K V  
NecI-34 3'-AAR TGN CGN CGN CTR AAR-5' 
pRT448 AAG GTG AAC GGA TTC CCC TGC AAG ACC AAT TTC ACT GCC GCC GAC TTC 
N. plumbaginifolia Lys Val Asn Gly Phe Pro Cys Lys Thr Asn Phe Thr Ala Ala Asp Phe 
i n t e r s p e c o f  i c  c r o s s  K V N G F P C K A X F T A A D F  
Figure 2-7. Structure of the Nectarin I gene compared with the structures of the Arabidopsis 
GLP5 locus (Carter and Thomburg, in preparation) and the wheat germin 3.8 locus (P26759). 
The measurements are in kilobases. The hatched area represents the signal peptide. 
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Figure 2-8. Phylogenetic analysis of Nectarin I, germins and GLPs. A. Relationships of 
Nectarin I with Arabidopsis gennin-like proteins. GenBank accession numbers for the 
individual sequences used in this analysis are: mac9.4, AB010069; GLP7, U75207; 
kl5e6.13, AB009048; GLP9, U81294; kl5e6.14, AB009048; kl5e6.9, AB009048; kl5e6.12, 
AB009048; kl5e6.11, AB009048; mxfl2.10, AB016892; mxfl2.9, AB016892; GLP6, 
U7S194; GLP2b, Y12673; GLP2a, U75192; GLP4, U75187; GLP5, U75200; GLP10, 
U95036; GLP8, U75207; GLP11, AF058914; GLPl, U75903; GLP3b, U75195; GLP3a, 
U75203; Nectarin I, API 32671. B. Relationships of Nectarin I with non-Arabidopsis germins 
and germin-like proteins. GenBank accession numbers for the individual sequences used in 
this analysis are: Pc Gerl, AF039201; Pr Gerl, AF049065; Hv OXOl, P45850; Hv 0X02, 
P45851; Ta Germin 2.8, P15290; Ta Germin 3.8, P267S9; Os GLP7, AF072694; Os GLPl, 
AF032971; Os GLP2, AF032972; Os GLPl6, AF042489; Os GLP3, AF032973; Hv GLP2, 
X93171; Ox GLP6, AF032976; Me GLP, P45852; Le GLP, AB012138; St GLP, AF067731; 
Os GLP4, AF032974; Pn GLP, P45853; Sa GLP, P45854; Bn GLPl, P46271; Os GLP5, 
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CHAPTER 3. TOBACCO NECTARIN I: PURIFICATION 
AND CHARACTERIZATION AS A GERMIN-LIKE, 
MANGANESE SUPEROXIDE DISMUTASE IMPLICATED IN 
THE DEFENSE OF FLORAL REPRODUCTIVE TISSUES 
A paper published in the Journal of Biological Chemistry 
Vol. 275, No. 47, Issue of November 24, pp. 36726-36733,2000 
Clay Carter and Robert W. Thomburg j: 
ABSTRACT 
Nectarin I, a protein that accumulates in the nectar of Mcofiwwz sp., was determined 
to contain superoxide dismutase activity by colorimetric and in-gel assays. This activity was 
found to be remarkably thermostable. Extended incubations at temperatures up to 90 °C did 
not diminish the superoxide dismutase activity of Nectarin I. This attribute allowed Nectarin 
I to be purified to homogeneity by heat denaturation of the other nectar proteins. By SDS-
polyacrylamide gel electrophoresis, Nectarin I appeared as a 29-kDa monomer. If the protein 
sample was not boiled prior to loading the gel, then Nectarin I migrated as 165-kDa 
oligomeric protein. By matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry, the protomer subunit was found to be a 22.5-kDa protein. Purified Nectarin I 
contained 0.5 atoms of manganese/monomer, and the superoxide dismutase activity of 
Nectarin I was not inhibited by either H2O2 or NaCN. Following denaturation, the 
superoxide dismutase activity was restored after Mn%+ addition. Addition of Fe%+, Cu%+, 
Zn%+, and Cu%+ / Zn%+ did not restore superoxide dismutase activity. The quaternary structure 
of the reconstituted enzyme was examined, and only tetrameric and pentameric aggregates 
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were enzymatically active. The reconstituted enzyme was also shown to generate H2O2. 
Putative Nectarin I homologues were found in the nectars of several other plant species. 
INTRODUCTION 
Floral nectars are often considered as being little more than sugar water. However, 
closer examination reveals a complex mixture of components. Although simple 
carbohydrates (i.e. sucrose, glucose, and fructose) make up the most significant solutes in 
nectar, other substances such as amino acids, organic acids, terpenes, flavonoids, glycosides, 
vitamins, phenolics, oils, and metal ions have also been found in various nectars (1). 
Enzymatic activities such as invertase, transglucosidase, tyrosinase, phosphatase, oxidase, 
esterase, and malate dehydrogenase have been suggested to occur in nectars (1). However, 
these reports have primarily been undetailed investigations, failing to identify the proteins 
responsible for the respective activities. Only a few investigations have clearly identified the 
activities of defined nectar proteins (2-5). We have previously demonstrated the presence of 
a limited number of proteins, termed nectarins, that are secreted into the nectar of tobacco 
flowers (2). The most highly expressed of these proteins, Nectarin I, is found only in nectary 
tissues and to a much lower level in the ovary. Its expression is developmentally regulated, 
accumulating only at times when nectar is being actively secreted. Following the isolation 
and characterization of the Nectarin I gene, this protein was identified as a germin-like 
protein (GLP). 
Germin was first identified in germinating wheat embiyos (6). It is a large molecular-
weight protein composed of five (6) or six (7, 8) monomer subunits. GLPs have 
subsequently been identified in all species examined to date from mosses to gymnosperms 
and dicots to monocots (9 -12). Germin is an oxalate oxidase that degrades oxalic acid into 
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H2O2 and CO2 (13-15). Despite the high sequence identity between Nectarin I and germin, 
Nectarin I lacks oxalate oxidase activity (2) and consequently has an unknown function. 
Many other GLPs also lack oxalate oxidase activity (9, 10, 16-19). Recently, a superoxide 
dismutase from the moss BarWo M/igwicw&zfa, BwGLP, was isolated and identified as a GLP 
(9). This fortuitous discovery has led us to examine whether the germin-like protein, 
Nectarin I, is also a superoxide dismutase. 
EXPERIMENTAL PROCEDURES 
Materials 
The plants used for the production of Nectarin I have been described previously (2). 
Additional species examined for the presence of Nectarin I are presented in Table 3-1. These 
plants were obtained from greenhouses on the Iowa State University campus. The species 
were confirmed at the Iowa State University Herbarium. Several different superoxide 
dismutases including the MnSOD from EacAgficAwz co// (20), the FeSOD from & co# (21), 
and the Cu/ZnSOD from bovine erythrocytes (22) were obtained from Sigma and were used 
without further purification. All other materials were of the highest purity available and were 
obtained from either Sigma or Fisher. 
Purification of Nectarin I 
Nectar was collected as described previously (2). The Nectarin I protein was obtained 
in pure form as follows; 12 ml of fresh nectar collected from approximately 500 flowers from 
12-15 plants was divided into 600-pl aliquots in 1.5-ml microcentrifuge tubes. The 600-ml 
aliquots were placed in a 90 °C water bath for 45 min, followed by a 30-min centrifugation at 
12,000 X g. To avoid contamination from the pellet, the top 500 ml of nectar was removed, 
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and 10 ml of 100% (NH^SO^ was added to each 1.5 ml of nectar (87% final concentration 
of (NH^SO^ and incubated for 1 h in 15-ml Corex tubes. Following incubation, the tubes 
were centrifuged at 10,000 X g for 15 min. The pellets were resuspended in a minimal 
volume (150 |il each) of distilled water or 10 mM sodium phosphate, pH 7.8, and dialyzed 
against 2 L of 10 mM sodium phosphate, pH 7.8, two times. In early studies, partially 
purified nectar proteins were produced by ammonium sulfate precipitation of raw nectar. 
Metal Ion Analysis 
Metal ion analysis was performed by flame ionization atomic absorption spectroscopy 
at the Metal Analysis Laboratory on the Iowa State University campus. All preparations were 
performed with nitric acid-washed glassware. 
Enzyme Assays 
Oxa&zfe OzM&zjg—The procedure described by Sugiura et al. (23) was used for the 
assay of oxalate oxidase activity in solution, using a commercial preparation of barley 
oxalate oxidase as a positive control. 
Superoxide Dûmw&zae—A colorimetric assay (24) using cytochrome c as the detector 
and xanthine-xanthine oxidase as a superoxide generator was utilized in the characterization 
of purified Nectarin I and in the thermostability studies. 
SDS-PAGE, Western Blots, and In-gel Staining 
SDS-PAGE was performed according to the methods of Laemmli (25). Western 
blotting was conducted according to methods of Timmons and Dunbar (26). Anti-Nectarin I 
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antibodies were described previously (2). Protein concentration was determined by the 
method of Lowry et al. (27). 
Detection of Hydrogen Peroxide in Nectar 
Hydrogen peroxide in nectar was evaluated as follows. Fifty microliters of nectar was 
added to 1.95 ml of distilled water, and then 1 ml of developing solution was added. The 
developing solution contained 80 mg of 4-aminoantipyrine, 13 units of horseradish 
peroxidase and 0.2 ml of N,N-dimethylanaline in 0.1 M sodium phosphate buffer, pH 5.5. 
After a 10-min incubation at 37 °C, the absorbance was read at 550 nm. 
In-gel Staining for Superoxide Dismutase 
Negative staining of in-gel SOD activity was performed with Nitroblue tetrazolium 
according to methods outlined by Flohé and Otting (24). Following electrophoresis, SDS-
containing gels were washed in 100 ml of 10 mM sodium phosphate, pH 7.8 (with or without 
50 pM MnSO^), three times for 30 minutes each prior to SOD activity staining. Positive 
staining of in-gel SOD activity was performed with 4-chloro-1 -naphthol. Following SDS-
PAGE, gels were washed (three 20-min washes) in 10 mM MOPS, pH 7.0 (with or without 
50 pM MnSOj). Staining for HgOg production was performed by incubating the washed 
gels in a staining solution containing: 20 mM MOPS, pH 7.0, 28 pM riboflavin, 5 units/ml 
horseradish peroxidase (Sigma), 500 ng/ml 4-chloro-1 -naphthol, 10 pM TEMED, and 60% 
ethanol. Gels were incubated in staining solution in transparent trays on a light box with 
gentle shaking. Staining was performed for 16-24 h. 
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Periodic Acid SchifT (PAS) Staining 
PAS staining following SDS-PAGE (28) was used to examine Nectarin I glycosylation. 
Matrix-assisted Laser Desorption/Ionization (MALDI) Mass Spectrometry 
MALDI mass spectrometry was used for determining the molecular mass of the 
purified Nectarin I protein. Protein samples of 1-2 |il containing approximately 2-4 ng of 
protein were loaded with 1-2 pi of freshly prepared sinapinic acid matrix onto a time-of-
flight mass analyzer (Lasermat 2000 MALDI; Finnigan, Madison, WI). The collected data 
were analyzed using data processing software (Lasermat 2000). Bovine serum albumin was 
used as an internal calibration standard. 
RESULTS 
To evaluate whether Nectarin I might be a superoxide dismutase, we initially 
examined whether raw nectar contained any superoxide dismutase activity. However, the 
high concentrations of ascorbate present in raw nectar interferes with the SOD assay (24), so 
nectar proteins were precipitated from raw nectar by ammonium sulfate precipitation, and the 
SOD assay was performed on the partially purified Nectarins. Fig. 3-1 demonstrates that 
increasing amounts of partially purified nectar proteins result in decreased superoxide-
dependent reduction of cytochrome c, confirming that the partially purified nectar proteins do 
indeed contain superoxide dismutase activity. 
Because superoxide dismutase activity was identified with the nectar proteins, we 
next attempted to determine whether this superoxide dismutase activity was associated with 
Nectarin I. We ran aliquots of ammonium sulfate-precipitated nectar proteins on native gels 
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and demonstrated that the major nectar protein was stained for superoxide dismutase activity 
with Nitroblue tetrazolium (data not shown). 
We demonstrated previously that, even in the presence of SDS, the Nectarin I protein 
migrates as an oligomer if the protein samples were not boiled prior to SDS-PAGE (2). We 
reasoned that if the nonboiled Nectarin I protein maintains its oligomeric quaternary 
structure, perhaps it might also maintain its enzymatic activity. Therefore, we examined 
SDS-PAGE gels for superoxide dismutase activity. Fig. 3-2 (lane 2) shows the protein 
profile of ammonium sulfate precipitated nectar proteins. When the protein samples were 
prepared in Laemmli buffer without boiling and run on SDS-PAGE gels, the Nectarin I 
migrated as a 165-kDa oligomer. As shown in lane 3, Western blotting using antiserum 
raised against Nectarin I identified the 165-kDa Nectarin I oligomer. When a duplicate gel 
was stained for superoxide dismutase activity (lane 4), a band of enzyme activity was 
observed that corresponded with the 165-kDa Nectarin I protein. Thus, Nectarin I has 
superoxide dismutase activity. 
We next decided to purify Nectarin I and evaluate superoxide dismutase activity on 
the purified protein. Because GLPs are known for their thermostability (29), and heat 
precipitation steps are extremely good first steps in the purification of many proteins (30-32), 
we explored thermostability for the purification of Nectarin I from crude nectar proteins. 
Ammonium sulfate-precipitated nectar proteins were resuspended in 10 mM sodium 
phosphate buffer, pH 7.8, and dialyzed against this same buffer. Aliquots of these nectar 
proteins containing 17 pg of total protein were incubated at various temperatures for 5 min 
and evaluated for superoxide dismutase activity. As observed in Fig. 3-3 (panel A), the 
superoxide dismutase activity of Nectarin I is remarkably stable over all temperatures up to 
90°C. Above 90°C, superoxide dismutase activity rapidly declines. We also examined the 
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kinetics of this stability. Aliquots of Nectarin I were incubated at temperatures between 80 
°C and 95 °C for varying periods of time and immediately placed on ice. The remaining 
activity of superoxide dismutase was evaluated. As shown in Fig. 3-3 (panel B), Nectarin I 
shows remarkably stable superoxide dismutase activity at temperatures of 90 °C and below. 
Even for periods as long as 1 h at 90 °C, 85% of superoxide dismutase activity is retained. 
When we evaluated the protein profile of the heat treated, ammonium sulfate 
precipitated nectar proteins, we were surprised to find that this single thermal denaturation 
step resulted in the precipitation of all nectar proteins except for Nectarin I. This resulted in 
a two-step, near quantitative purification of Nectarin I. We moved the thermal denaturation 
step prior to the ammonium sulfate precipitation to reduce manipulations. As can be seen in 
Table 3-1, the recovery of enzyme activity was nearly quantitative. A final specific activity 
of 2,543 units of superoxide dismutase activity/mg of protein was found for the purified 
protein. This level of specific activity is similar to that observed with the E. coli manganese 
superoxide dismutase (20). 
The purity of the thermostable Nectarin I preparation was evaluated by SDS-PAGE. 
Fig. 3-4 shows the protein profile of crude nectar in lanes 2 (nonboiled) and 3 (boiled) and of 
the purified Nectarin I preparation in lanes 4 (nonboiled) and 5 (boiled). As can be observed, 
in nonboiled nectar, the Nectarin I oligomer migrates at 165 kDa, whereas the monomer 
migrates at 29 kDa (compare lanes 2 and 3). The purified Nectarin I preparation also gives a 
single 165-kDa band on the gel when nonboiled (lane 4) and a single 29-kDa band following 
boiling (lane 5). Based upon these observations, we concluded that Nectarin I was pure. 
This figure also demonstrates that the oligomeric form of Nectarin I binds Coomassie 
Blue much less effectively than the monomeric form. Each pair of these lanes, 2 and 3 or 4 
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and 5, contains the same amount of protein, but clearly the monomeric form gives greater 
interaction with the Coomassie Blue stain. 
The SDS-PAGE analysis of Nectarin I shows a molecular mass of 29 kDa. However, 
the MALDI-TOF analysis of purified Nectarin I showed a M+ peak of 22,533 ± 58 (n=5). 
The M+2 peak was also readily detected with a mass of 45,184 ± 131 (n=5). Larger 
complexes are not observed. This discrepancy in molecular masses between the SDS-PAGE 
and MALDI likely results from the extreme stability of the Nectarin I protein during 
electrophoresis. If the protein is not completely unfolded and coated with SDS, then the 
protein would be expected to run slower than expected, producing an artificially high 
molecular mass on the SDS-PAGE. 
The molecular mass of the mature Nectarin I protein predicted from the amino acid 
sequence is 21,062 Da (2). The difference between the predicted molecular mass and that 
found by mass spectrometry, 1,471 Da, is unaccounted for. However, it is known that GLPs 
are glycosylated (33). All GLPs, including Nectarin I, contain a conserved site of N-
glycosylation (2, 10, 11, 16, 17, 19, 33). PAS staining (28) demonstrated the presence of 
carbohydrate on the purified Nectarin I protein (Fig. 3-4, lanes 6 and 7). Jaikaran et al. (33) 
have reported the structure of the N-linked glycan from wheat germin. That structure is a 
biantennary nonasaccharide with the composition (GlcNAc)^:Mang :Xyl:Fuc. This 
nonasaccharide has a molecular mass of 1,576 Da, which corresponds well with the mass 
differences observed between the MALDI-TOF analysis and the cDNA-predicted molecular 
mass (1,471 Da). Therefore, we expect that the Nectarin I glycan is highly similar to the N-
linked glycan present on wheat germin. 
To determine whether the purified Nectarin I had superoxide dismutase activity, we 
next evaluated the ability of the purified Nectarin I to remove superoxide generated by 
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xanthine-xanthine oxidase. As can be seen in Fig. 3-5, the purified protein was indeed able to 
dismute superoxide in a dose-dependent manner. Therefore, we conclude that the superoxide 
dismutase activity associated with tobacco nectar is due to the presence of Nectarin I. 
Based upon the type of metals that they contain, there are three known families of 
superoxide dismutases: FeSOD, Cu/ZnSOD, and MnSOD. To determine the type of 
superoxide dismutase family to which Nectarin I belongs, we analyzed the purified Nectarin I 
protein for metal ions. This analysis demonstrated the presence of 0.5 mol of manganese/mol 
of Nectarin I monomer. Iron and copper were present in trace amounts at or near the limits of 
detection. 
To confirm that Nectarin I was a manganese superoxide dismutase, hydrogen 
peroxide inhibition studies of enzyme activity were performed. Manganese superoxide 
dismutases are stable in the presence of 5 mM H2O2, whereas copper/zinc and iron 
superoxide dismutases lose activity following this treatment (34, 35). Because Nectarin I 
retains superoxide dismutase activity following SDS PAGE (see Fig. 3-2, lane 3), we 
examined this inhibition following gel electrophoresis. Figure 3-6, lanes 1 and 3 contain a 
cocktail of commercially available superoxide dismutases, including the manganese 
superoxide dismutase from E. coZ; (20), the iron superoxide dismutase from E. co# (21), and 
the copper/zinc superoxide dismutase from bovine erythrocytes (22). Lanes 2 and 4 contain 
purified Nectarin I. The non-boiled proteins were all separated on SDS PAGE gels and 
stained for superoxide dismutase activity with Nitroblue tetrazolium (24). As can be 
observed in lanes 1 and 2, each of the nonboiled proteins retains superoxide dismutase 
activity following SDS PAGE. Treatment of these proteins for 1 h with 5 mM H2O2; 
however, results in the loss of activity of the iron and copper/zinc superoxide dismutases. In 
contrast, both the manganese superoxide dismutase from E. cofz and the Nectarin I 
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superoxide dismutase remain active following this treatment. Similarly, NaCN is capable of 
inactivating Cu/Zn superoxide dismutases (34,35). Incubation with NaCN did not inhibit the 
enzymatic activity of Nectarin I (data not shown). 
While non-boiled Nectarin I retains its quaternary structure and its superoxide 
dismutase activity during SDS PAGE, it decomposes to its monomelic form following 
boiling. This monomeric form does not retain the superoxide dismutase activity after boiling 
(compare lanes 1 and 2 of Fig. 3-7). We therefore decided to test whether we could 
reactivate the superoxide dismutase activity following metal ion replacement. As shown in 
Fig. 3-7, the addition of 50 pM FeSO^, CuSO^, ZnClg, or CuSO^/ZnClg to the gel wash 
solutions failed to reactivate the superoxide dismutase activity (lanes 3, 4, 5, or 6). In 
contrast, addition of 50 pM MnSOj produced active enzyme (lane 7). Thus, only manganese 
was able to reconstitute enzyme activity, confirming that the Nectarin I is a manganese 
superoxide dismutase. 
The studies illustrated in Fig. 3-7 do not provide information about the quaternary 
structure of the active form of Nectarin I following metal ion replacement. To examine this 
in more detail we first inactivated the superoxide dismutase activity by boiling. After 
separating the monomeric form on an SDS PAGE gel, we renatured the enzyme as in lane 7 
of Fig. 3-7. The renaturation was verified by staining the gel for superoxide dismutase 
activity (data not shown). Subsequently, duplicate slices of the active protein were excised 
from the gel and re-electrophoresed on a second SDS PAGE. 
Figure 3-8, Panel A shows the Coomassie staining of the renatured protein. Clearly 
the majority of the enzyme is still present in the monomeric form. However, a significant 
amount of the protein has reassociated into dimer, trimer, te tramer, and pentamer forms. 
This ladder of assembly is best observed if P-mercaptoethanol is included in the original 
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boiling step (lane 2). If the p-mercaptoethanol is not included in the original boiling step, the 
intermediate forms are reduced but the pentameric form is present in higher amounts. 
Inclusion of (3-mercaptoethanol results in increased accumulation of the dimeric and trimeric 
forms of the reassociated protein. When we examine the enzymatic activity of these forms 
(lanes 4 and 5) we observe that only the tetrameric and pentameric forms have enzymatic 
activity. Thus, the reconstitution of the superoxide dismutase activity of the Nectarin I 
enzyme requires the re-multimerization of the Nectarin I monomers. Interestingly, when the 
Nectarin I monomers are incubated in the absence of manganese, a small portion of the 
monomeric form reassociates to form a multimeric form (lane 3); however, without 
manganese, this reassociated form is not active (lane 6). 
Superoxide dismutase converts 0% " into HgC^. The superoxide dismutase assay 
used in all of the above in-gel studies (24) monitors the clearance of riboflavin-generated 
superoxide. To further confirm the superoxide dismutase activity of Nectarin I, we also 
examined whether the manganese-reactivated enzyme was capable of generating HgOg. 
Figure 3-9 shows the results of these studies. In Panel A, we monitored the dismutation of 
flavin-generated superoxide by the native 165 kDa form of Nectarin I (lanes 1 and 3) and of 
the manganese-reactivated form (lane 4). In Panel B, we used a 4-chloro-1 -naphthol stain to 
show the direct generation of H2O2. The pattern of hydrogen peroxide staining in panel B 
correlates exactly with loss of superoxide in panel A, confirming both the loss of the 
substrate, superoxide, and the generation of the product, H^Og, for both the native and the 
manganese-reactivated enzymes. 
Because the dismutation of superoxide results in the generation of HgOg, we 
examined whether plant nectar contains H2O2. We examined nectar from mature, opened 
flowers from a series of 10 greenhouse grown plants. These plants showed a range of H2O2 
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accumulation from <20 |iM to >4 mM with a mean value of 771 pM. This is significantly 
higher than the levels of H2O2 (10 to 100 pM) that are normally toxic to cells (36). SDS 
PAGE analysis demonstrated that Nectarin I was present in the nectars of each of these 10 
plants. 
Finally, to investigate whether Nectarin I proteins are found in other plant species, we 
visited all greenhouses present on the Iowa State University campus and obtained nectar 
from all plants that produced nectar in sufficient quantities for analysis. These nectar 
samples were electrophoresed on SDS PAGE gels, and Nectarin I immunocrossreactive 
material was visualized by Western blot analysis using antibodies raised against Nectarin I 
(2). In this analysis we examined 15 species from 11 different plant families (Table 3-2). 
Six different plant families (Araceae, Nepenthaceae, Sarraceniaceae, Solanaceae, 
Streliziaceae, and Theaceae) showed Nectarin I crossreactive proteins. These cross-reactive 
proteins were either 29 kDa Nectarin I-like proteins or were >150 kDa. The >150 kDa 
proteins were observed in at least three different species, &zrrocgfzia pwrpwrea, MepenfAgj 
awpgrbo, and SfrgZ&zio regwae. 
nTsrussiON 
Nectarin I is a germin-like protein that has manganese superoxide dismutase activity. 
This enzymatic activity is remarkably thermostable, maintaining high activity even when 
incubated at 90 °C for 1 h. This thermostability allowed for a facile purification of the 
Nectarin I protein. The purified Nectarin I protein contained manganese, and the superoxide 
dismutase activity was resistant to inhibition by both HgOg and NaCN, compounds that 
inhibit the activity of iron and copper/zinc superoxide dismutases but not manganese 
superoxide dismutases. Following disassociation of the Nectarin I protein into monomers, 
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the enzymatic activity could be reconstituted upon the addition of manganese, but not with 
iron, copper, zinc, or copper/zinc. Taken together, these data indicate that Nectarin I is a 
manganese superoxide dismutase. 
Further, this manganese superoxide dismutase is uncommonly stable. Not only is it 
highly resistant to thermal denaturation, but it also maintains both its quaternary structure and 
enzymatic activity when electrophoresed in the presence of SDS. Only by boiling were we 
able to disassociate Nectarin I into its monomelic components. 
Following removal of SDS and addition of manganese, these monomers readily 
reassociated into oligomeric forms of the enzyme. The predominant forms of the 
reassociated enzyme could be influenced by the disassembly procedure. If the disassembly 
of the enzyme was performed by boiling in the absence of P-mercaptoethanol, the 
predominant form of the reassociated enzyme was the pentamer. However, if disassembly 
was performed by boiling in the presence of p-mercaptoethanol, dimer and trimers were the 
principal reassociated forms. These smaller forms lacked enzyme activity. Only the 
tetrameric and pentameric forms of the reassociated enzyme showed superoxide dismutase 
activity. The reason why addition of P-mercaptoethanol in the disassembly process results in 
the smaller reassociated forms is not clear; however, the Nectarin I protein does contain a 
pair of cysteine residues at positions 10 and 25 of the mature protein. Apparently, reduction 
of this disulfide pair results in a Nectarin I that inhibits the formation of the higher 
multimeric forms. 
Based upon conservation of sequence identity among a large number of GLPs, the 
location of the metal binding site has been proposed to consist of a cluster of three histidine 
residues, numbered His(85), His(87), and His(131), in the mature Nectarin I protein. Two 
models for oxalate oxidase have been published, based upon the structure of vicilin (7), and 
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on the C-terminal domain of jack-bean canavalin (37). Both of these models predict that 
these three histidines lie on neighboring anti-parallel ^-strands, and that the sidechains form a 
cluster that is reminiscent of other metal-binding sites. Both models also predict that the 
sidechain of a glutamate residue lies close to the histidine cluster and may function as a 
fourth ligand of the manganese. This glutamate is also conserved in the mature Nectarin I 
protein as Glu(92). Wheat germin and Nectarin I share 51.7% identity, rising to 60.7% if 
conservative substitutions are permitted. While Nectarin I is clearly a germin-like protein; 
despite repeated efforts, we have found that Nectarin I does not have oxalate oxidase activity. 
Similar observations have been made for a number of other GLPs (9,10,16,17,18,19). We 
have also tested wheat oxalate oxidase for superoxide dismutase activity and have found 
none. Therefore, if the conserved histidines and glutamate are involved in the oxalate 
oxidase activity of the wheat germin, then other factors that are missing in Nectarin I must 
also participate to result in the oxidation of oxalic acid and likewise in the dismutation of 
superoxide. 
The GenBank contains at least 70 full-length or near full-length sequences encoding 
germin-like proteins. Our analysis of 73 GLP sequences (see Fig 3-10) has identified five 
phylogenetic clades. The true germin clade contains most of the wheat and barley germins 
along with one one rice and one maize GLP (total of 14 sequences). We also 
identify a small clade of 3 sequences, referred to as the Gymnosperm GLPs. This clade 
contains the Pinwa ap. GLPs and one GLP (GLP7). With the exception of a 
single outlier, all of the remaining plant GLPs fall into 3 families: Subfamily 1 (31 
members), Subfamily 2 (11 members) and Subfamily 3 (13 members). 
The wheat and barley germins (true germin clade) have oxalate oxidase activity and 
have no superoxide dismutase activity. Outside of the true germin clade oxalate oxidase 
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activity has not been reported, although the number of proteins tested is still quite small. The 
moss GLP (9) that is a superoxide dismutase and has no detectable oxalate oxidase activity is 
a member of Subfamily 1. Nectarin I, which also has superoxide dismutase activity and no 
detectable oxalate oxidase activity is a member of Subfamily 2. The peach auxin binding 
protein and a barley GLP both belonging to Subfamily 3 have been tested for oxalate oxidase 
activity and none could be detected (17, 19). Likewise, no oxalate oxidase activity could be 
detected for the Pi/zwa cantoea GLP (gymnosperm GLP clade) (16). These three proteins 
have not been tested for superoxide dismutase activity. 
Based upon this limited analysis, it appears that oxalate oxidase activity is associated 
with only one group of GLPs representing only 15% (11/70) of all GLPs. It is too soon to 
tell whether superoxide dismutase activity is common among the GLPs. Nevertheless, the 
finding that members of two separate clades (Subfamilies 1 and 2) of the phylogenetic tree 
contain GLPs with superoxide dismutase activity implies that superoxide dismutase activity 
may be widespread throughout this protein family. 
The biochemical role of germin-like proteins in plants has received much attention. 
Numerous functions have been proposed for GLPs, including: desiccation and hydration 
(39), restructuring of cell walls (13), salt and heavy metal response (40), and plant defenses 
(15,41,42). Because GLPs represent a large family of extracellular proteins with superoxide 
dismutase activity, we propose a novel function for these proteins in mediating the oxidative 
burst during the wound response. 
When plants are wounded, they respond by activating a large number of genes that 
Amotion to close and seal the wound site, alter hormonal homeostasis, inhibit photosynthetic 
translation, and to activate proteinaceous and phytoalexin defense responses (43). Very early 
in this response, NADPH oxidase is activated which releases O2 " into the extracellular 
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compartment (44). The dismutation of Og " into H2O2 is a necessary intermediate step in 
this process because the oxidative burst is completely inhibited by catalase (45,46). In spite 
of the importance of superoxide dismutase activity in this pathway, enzymes catalyzing this 
step have not yet been identified. Because of the extracellular localization and the near 
ubiquitous distribution throughout plant tissues, GLPs provide the superoxide dismutase 
activity required for the production of H2O2. 
In addition to their functional role of GLPs throughout the plant, we propose that 
Nectarin I has an additional role in nectar, to protect the reproductive tissues from microbial 
attack. Nectar is offered by plants to insect and avian pollinators to increase the efficiency of 
seed set. Nectar is secreted from the nectary, a ring of cells surrounding the base of the 
ovary, and bathes the gynoecium. Indiscriminate floral visitation by pollinators must 
certainly transfer microorganisms. While the rich milieu of nectar nutrients would make an 
ideal growth medium for microbes, microbial colonization of the fluid bathing the ovary 
would be evolutionary disfavorable. We propose that the high level of H2O2 in nectar 
functions to protect the reproductive tissues from microbial infection. H2O2, is generally 
toxic to cells at relatively low levels; on the order of 10 to 100 pM (36). The levels that we 
have observed in the nectar of tobacco plants are significantly higher than this (<20 pM to 
>4000 pM). 
That Nectarin I immunoreactive proteins were identified in the nectars of a number of 
other plant families indicates that this method of protection may be widespread within the 
plant kingdom. The high levels of H2O2 found to be present in nectar also correlates with the 
finding that peroxidase and catalase activity are abundant in the gut and malpighian tubules 
of insects (47,48,49,50). 
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units mg 9 'o units/mg protein fold 
Raw nectar 1,048 1.35 100 100 845 1.00 
Heat treatment 1,048 0.79 100 63.7 1377 1.57 
(NH^)S04 precipitation 966 0.38 92.2 30.6 2543 3.01 
* Superoxide dismutase activity was evaluated by the method of Flohé and Otting (24). One unit of activity is 
defined as the amount of enzyme resulting in 50% inhibition of cytochrome c reduction under standard conditions, 
b Protein was evaluated by the method of Lowry (27). 
c To quantitate recovery for this purification, raw nectar was initially dialyzed versus 10 mM sodium phosphate 
buffer, pH 7.8, to remove materials that interfere with the Lowry protein assay. This dialysis is not required for 
the purification of nectarin I. 
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TABLE 3-2. Phylogenetic Identification of Nectarin I-like Proteins 
Species* Common Name^ Family Nec I Positive 
c Malvacea -
ZZwrgTMawza xcawffcb Angel's Trumpet Solanaceae + 
CameZ/za yaponzca Yabu-Tubaki Theaceae + 
Woundwort Gesneriaceae -
Zrora cAz/fg/wzf Pechar periok (Broken pot) Rubiaceae -
XoAZgna Aogo/ewk C Gesneriaceae -
Monkey slipper Nepenthaceae + 
Mcofzoma aWa Flowering tobacco Solanaceae + 
Mco^awa p/wm6agzni/bZza Wild tobacco Solanaceae + 
Mcofza/ia faAacwm Common tobacco Solanaceae + 
Philodendron Araceae + 
/Mwgo jpa/Aaae Barquito Commelinaceae 
&zrracgnza jw/pwea^ Saddleplant Sarraceniaceae + 
&rg/izza rggwzag Bird of Paradise Streliziaceae + 
7%w»6grgza a^ÎMM Akar Acanthaceae 
-
^Species names were confirmed by the Iowa State University Herbarium. 
^Common names were obtained from the EthnoBot database (51). 
^Common name was not available. 
^The nectar from the pitcher plants was nonfloral nectar. 
Figure 3-1. SOD activity of nectar proteins. Nectar proteins purified from raw nectar by 
ammonium sulfate precipitation were resuspended in 10 mM sodium phosphate, pH 7.8, and 
dialyzed against the same buffer. SOD activity of crude nectar proteins was then determined 
by cytochrome c reduction according to methods outlined (24). Each point represents the 
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Figure 3-2. In-gel SOD activity. Nectar proteins purified 6om raw nectar by ammonium 
sulfate precipitation were resuspended in 10 mM sodium phosphate, pH 7.8, and dialyzed 
against the same buffer. These proteins were electrophoresed on a 10% SDS PAGE. After 
electrophoresis, the gel was either stained with Coomassie blue (lanes 1 and 2), or processed 
for Western blot using anti-Nectarin I antiserum (lane 3) or processed for in-gel staining of 
SOD (lane 4). The standards used in lane 1 were: myosin (200 kDa), P-galactosidase (116 
kDa), phosphoiylase B (97.4 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), 
carbonic anhydrase (31 kDa) and soybean trypsin inhibitor (21.5 kDa). 
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Figure 3-3. Thermostability of Nectarin I. Panel A. Nectar proteins purified from raw 
nectar by ammonium sulfate precipitation were resuspended in 10 mM sodium phosphate, 
pH 7.8 and dialyzed against the same buffer. Aliquots representing approximately 17 |ig of 
total nectar proteins were incubated at the indicated temperatures for 5 min and cooled on 
ice. Superoxide dismutase activity was determined by the method of Flohé and Otting (24). 
Panel B. Kinetics of inactivation was determined by evaluating the superoxide dismutase 
activity following various times of incubation at the indicated temperatures. 
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Figure 3-4. Purification of Nectarin I. Nectarin I was purified from nectar by heat 
precipitation of the other nectar proteins as described in Materials and Methods. Crude 
nectar, nonboiled and boiled (lanes 2 and 3, respectively) and 20 pg of pure Nectarin I, 
nonboiled and boiled (lanes 4, 6 and 5, 7 respectively) were subjected to 12% SDS PAGE 
and stained with Coomassie blue (lanes 4 and 5) or by PAS (lanes 6 and 7). The standards 
used in lane 1 were: myosin (200 kDa), P-galactosidase (116 kDa), phosphorylase B (97.4 
kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), and carbonic anhydrase (31 
kDa) and soybean trypsin inhibitor (21.5 kDa). 
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Figure 3-5. SOD activity of purified Nectarin I. Nectarin I was purified from nectar as in 
Materials and Methods. SOD activity of purified Nectarin I was then determined by 
cytochrome c reduction according to methods outlined (24). Each point represents the 
average l/(AA550/min) of three repititions at 250, 500, 750, and 1000 ng of purified 
Nectarin I. 
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Figure 3-6. Nectarin I SOD activity is insensitive to treatment with H^Og. Lanes 1 and 3 
contain 30 units each of the MnSOD from & co/z (20), the FeSOD from E. co/z (21), and the 
Cu/ZnSOD from bovine erythrocytes (22). Lanes 2 and 4 contain 25 |ig of purified Nectarin 
I. The proteins were electrophoresed on duplicate 10% SDS polyacrylamide gels. Following 
electrophoresis, the gels were bathed for 1 h in either 10 mM sodium phosphate, pH 7.8 
(Lanes 1 and 2), or 10 mM sodium phosphate, pH 7.8 containing 5 mM H2O2. Following 





Figure 3-7. Manganese ions restore SOD activity. For each lane, 20 |ig of purified 
Nectarin I was run on a 10% SDS PAGE following boiling for 3 min in Laemmli buffer (25) 
lacking P-mercaptoethanol. Lane 1 was not boiled. Subsequently, each gel was washed (3 X 
30 min) in 10 mM sodium phosphate buffer, pH 7.8, containing either no metals (lane 2) or 
50 pM of FeSOj (lane 3), CuSO* (lane 4), ZnCl2 (lane 5), both CuSO^ and ZnClg (lane 6), 
or MnSOj (lane 7). Following incubation, the gels were stained for superoxide dismutase 
activity (24). 
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Figure 3-8. Quaternary structure of Nectarin I following Mn+% replacement. Twenty-6ve 
micrograms of purified Nectarin I was boiled in Laemmli buffer with or without (3-
mercaptoethanol and subjected to 10% SDS PAGE. Duplicate gels were then washed in 10 
mM NaPOj (3 x 30 min) either with or without 50 MnSO^ followed by SOD activity 
staining (24). The duplicate activity/protein bands were excised from the gels and incubated 
in Ix Laemmli buffer for 20 min and again subjected to 10% SDS PAGE (3 mM thick) and 
either stained for SOD activity (Panel A) or stained with Coomassie blue R-250 (Panel B). 
Lanes 1 and 4 contain samples that were boiled without P-mercaptoethanol (prior to the first 
SDS PAGE) and were reconstituted with 50 |LiM MnSO* (prior to activity staining of the first 
SDS PAGE). Lanes 2 and 5 contain samples that were boiled with P-mercaptoethanol and 
were reconstituted with 50 |iM MnSO^. Lanes 3 and 6 contain samples that were boiled 






Figure 3-9. Manganese reconstituted Nectarin I generates hydrogen peroxide. Panel A. 
Twenty-five micrograms of purified Nectarin I was electrophoresed on duplicate 10% SDS 
PAGE either without boiling (lanes 1 and 3) or following boiling for 3 min in Laemmli 
buffer (25) lacking P-mercaptoethanol (lanes 2 and 4). Following electrophoresis the gels 
were washed in 10 mM sodium phosphate buffer, pH 7.8, containing either no metals (lanes 
1 and 2) or 50 jiM of MnSO^ (lanes 3 and 4) and stained for superoxide dismutase activity 
(24). Panel B. The gels were prepared in an identical manner as in Panel A. Following 
electrophoresis, the gels were washed (3 X 20 min) in 100 ml of 10 mM MOPS, pH 7.0 
either without metals (lanes 1 and 2) or containing 50 pM MnSO^ (lanes 3 and 4). The gels 
were then stained for Nectarin I-generated H2O2 as follows: After washing in MnSO^ 
containing buffer as above, the gel was briefly washed (15 min) in buffer without any added 
metals, and then a staining solution, containing 20 mM MOPS, pH 7.0, 28 pM riboflavin, 5 
U/ml horseradish peroxidase, 0.5 mg/ml 4-chloro-l -napthol, 10 mM TEMED, and 60% 
ethanol was added. The gels were incubated in this staining solution in transparent trays on a 
light box with gentle shaking. Staining continued for 16 to 24 h. 
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Figure 3-10. Phylogenetic analysis of 73 Germin-Like Protein sequences. Those proteins 
that have been analyzed for enzymatic activity are marked. An asterisk indicates that the 
protein has superoxide dismutase activity and no oxalate oxidase activity. Open circles 
indicate that the protein has no oxalate oxidase activity but have not been assayed for 
superoxide dismutase activity. Closed circles indicate that the protein has oxalate oxidase 
activity. The GenBank accession numbers of the Sequences analyzed are: OsGLPIO, 
Af051156; OsGLP5, AF032975; HvGLPl, Y15962; BnGLP, U21743; AtGLPl, U75206; 
PpABP19, U79114; PpABP20, U81162; AtGLP3a, U75188; AtGLP3b, U75195; SaGLP, 
X84786; PsGLP, AJ222979; PvGLPl, AJ276491; PnGLP, D45425; PcGERl, AF039201; 
PrGLP, AF049065; AtGLP7, AF170550; HvGER, L15737; HvOxol, P45851; Ta28, 
M63223; TaGLP2, Y09916; TaGLP3, Y09917; Ta38, M63224; TaGLP4, Y09918; TaGLPl, 
Y09915; ZmGLP2, AF261942; AtGLPl, U75206; AtGLPl3a, AAF79304; AtGLPl3b, 
AAF79303; AtGLPl2, AAD55294; OsGLP7, AF072694; AtGLPl 1, AF058914; AtGLP8, 
U75207; OsGLP4, AF032974; ZmGLPl, AF261941; OsGLP8, AF072695; AtGLPIO, 
U95036; PsGERl, AJ250832; LeGLP, AB012138; StGLP, AF067731; Nectarin I, 
AF 132671; AtGLP4, U75187; AtK15E6.13, AB009048; BuGLP, AB028460; BuGLP2, 
AB028454; A1GLP, AB024338; McGLP, M93041; OsGLP16, AF042489; OsGLP3, 
AF032973; OsGLP2, AF141879; OsGLP6, AF032976; HvGLP2, X93171; TaGLP2a, 
AJ237942; TaGLP2b, AJ237943; OsGLPl, AF141880; PsGLP2a, AJ250833; PsGLP2b, 
AJ250834; AtGLP2a, U75192; AtK3K3.4, ABO 10694; AtK3K3.1, AB010694; 
AtMXF12.11, ABO 16892; AtGLP2b, X91957; AtK3K3.2, AB010694 ; AtMXF12.12, 
AB016892; AtMXF12.10, AB016892; AtGLP6, U75194; AtMXF12p4, AB016892; 
AtMXF12.9, ABO 16892; AtK15E6.11, AB009048; AtK15E6.12, AB009048; AtK15E6.9, 
AB009048; AtK15E6.14, AB009048; AtGLP9, U81294; AtMAC9.4, AB010069. 
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CHAPTER 4. THE TOBACCO NECTARIN I PROMOTER 
REGULATES EXPRESSION OF A CHLORAMPHENICOL 
ACETYL TRANSFERASE MARKER GENE EXCLUSIVELY 
IN NECTARY TISSUES DURING NECTAR SECRETION 
Submitted to Plant Journal, 2002 
Clay Carter and Robert W. Thomburg 
ABSTRACT 
The major protein secreted into the nectar of tobacco plants (Nectarin I) is a germin-
like protein that has superoxide dismutase activity. We have isolated the gene encoding 
Nectarin I (MEC7) and analyzed the expression of a chloramphenicol acetyl transferase (CAT) 
marker gene driven by its promoter in transgenic plants. Five transgenic plant lines were 
developed that contained the AfECJ-CAT transgene. Four of these lines showed detectable 
levels of CAT expression in mature floral nectaries. Tissue specificity of NEC/ CAT 
expression demonstrated that the construct was expressed exlusively in nectary tissues with a 
small level of expression in the ovary. Further, analysis of its temporal expression showed 
that the construct is expressed only during those times when nectar is actively being secreted 
from flowers. An examination of the transcription start site verified that the initiation site of 
the MECf-CATmRNA in transgenic plants is identical with that of the native gene in vivo. 
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INTRODUCTION 
Many plants offer floral nectar as a reward to attract insect, avian, or mammalian 
pollinators. The secretion of nectar is usually under developmental control beginning just 
prior to flower opening. After pollination, the nectar is frequently resorted (Burquez and 
Corbet, 1991). In addition, nectar secretion increases as the flower is visited by pollinators 
(Smith, et al., 1990). The composition of nectar has been widely studied. Nectar is an 
aqueous combination of a significant number of solutes. Chief among these are sucrose, 
glucose, and fructose. Other carbohydrates have also been identified in nectars of some 
flowers (Baker and Baker, 1981). A relationship exists between the sugar composition of 
nectar and the amount of vascular tissue underlying the nectary (Esau, 1977). If phloem 
makes up most of the vascular tissue, the nectar may contain up to 50% sugar. Conversely, if 
xylem predominates, the sugar content may fall to as little as 8% (Frey-Wyssling, 1955). 
Some nectars also contain amino acids (Baker and Baker, 1973). All 20 of the 
normal amino acids found in protein have been identified in various nectars, with alanine, 
arginine, serine, proline, glycine, isoleucine, threonine, and valine being the most prevalent. 
A wide variety of other organic substances have been reported in nectar (Baker and Baker, 
1975; Cabras, et al., 1999; Deinzer, et al., 1977; Ecroyd, et al., 1995; Ferreres, et al., 1996; 
Griebel and Hess, 1940; Rodriguez-Arce and Diaz, 1992; Roshchina and Roshchina, 1993; 
Vogel, 1969). 
In addition, many dicotyledenous plants also secrete a limited array of proteins into 
nectar (Carter, et al., 1999). We have designated these proteins nectarins. Recently, we 
examined the expression of the major tobacco nectar protein, Nectarin I (Carter, et al., 1999). 
As determined by western blotting, the expression of Nectarin I is limited to nectary and 
ovary tissues and is expressed only at times when nectar is actively being secreted (Carter, et 
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ai., 1999). Subsequently, we have purified tobacco Nectarin I to homogeneity and identified 
its function as a manganese superoxide dismutase (2 Og"* + 2H+ > H2O2 + O2). Hydrogen 
peroxide was found at levels up to 4 mM in tobacco nectars (Carter and Thomburg, 2000). 
Thus, Nectarin I may generate high levels of hydrogen peroxide in tobacco nectar. Indeed, 
this finding suggests that the nectar proteins may play a defensive role in protecting the ovary 
and developing seeds. In this study we have prepared a chimeric construct linking the M 
Nectarin I promoter to a chloramphenicol acetyl transferase marker gene and 
analyzed its expression in transgenic plants to understand the Nectarin I promoter. 
MATERIALS AND METHODS 
[^^-chloramphenicol, 60 mCi/mmol, was purchased from New England 
Nuclear/Dupont (Boston, MA). All other materials were of reagent grade and were obtained 
either from Sigma Chemical Co. (St. Louis, MO) or Fisher Chemical Co. (Pittsburgh, PA). 
ffgparodon of #ECf-CAr Cond/wcf 
The bacteriophage lambda clone containing the Mcofwzrwz Nectarin I 
gene (Carter, et al., 1999) was digested with Bg/II. A 3.7-kb fragment that corresponded to 
the Nectarin I gene was isolated by agarose gel electrophoresis and was subsequently cloned 
into the Z&zmHI site of pUC8 to make the vector, pRT454. The entire 3,685 nucleotide insert 
of pRT454 was sequenced (GenBank Accession #AF132671), and PCR oligonucleotides 
were designed (see Table 4-1) to amplify 1.35 kb of 5' flanking regions of the Nectarin I 
gene. Following PCR amplification the PCR product was digested with ffindHI and X6&I, 
and the fragment was cloned into Hwdm/XWI-digested pUC119 to make the vector, 
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pRT460. The insert of this vector was confirmed by DNA sequencing. It contained 1.2 kb of 
the Nectarin I promoter (the ffindHI digestion removed approximately 150 nt from the very 
5' end of the promoter). Subsequently, the Nectarin I promoter was gel purified after 
ffwzdlQ/X&al digestion of pRT460 and was cloned into the #;ndm/X&aI sites of the plant 
transformation vector, pRT190 (Park and Thomburg, 1996) to make pRT461 (Figure 4-1, 
Panel A). The vector, pRT190, was derived from pBHOl.l and features a promoterless 
chloramphenicol acetyl transferase gene linked to the strong potato Proteinase 
Inhibitor II terminator (An, et al., 1987, Thomburg, et al., 1987). The sequence of the MEC7-
CAT gene fusion was confirmed by sequencing through that junction (Figure 4-1, Panel B). 
P&iMf lyans/brmafzoM 
The vector, pRT461, was transferred into Agrobzcfgrmm LBA4404 (An, et al., 
1986), and the resulting Agrotacfenwrn strain was used to transform fobzcwm cv. 
Xanthi plants to kanamycin resistance (Thomburg, et al., 1987). Plants were maintained in 
tissue culture with 14hr days and lOhr nights until they were approximately 10 cm tall, when 
they were transferred to soil. Plant growth continued in the greenhouse until maturity. 
Isolation of nectar and floral tissues was as previously described (Carter, et al., 1999). 
If not used immediately, tissues were maintained at -20°C until use. 
CMoramp&efwcof AcefyZ Thww/kroM /Way 
Extracts of transformed tobacco tissues were prepared by homogenizing the tissues in 
a mortar and pestle with the addition of 1 volume/g fresh weight of homogenization buffer 
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(Keman and Thomburg, 1989). Following homogenization, the lysate was centrifuged for 5 
min at 10,000 x g at 4°C, and the supernatant was recovered for protein analysis (Bradford, 
1976). A volume from each extract containing 25 p.g of protein was assayed for CAT 
activity as described (Gorman, et al., 1982). Following TLC analysis, the activity of the 
CAT protein was visualized by exposure to X-ray film. After development of the X-ray 
films, the plastic-backed TLC plates were overlaid onto the exposed films and the radioactive 
spots corresponding to the labeled chloramphenicol acetates and unreacted chloramphenicol 
were cut out. Radioactivity was measured in a Packard liquid scintillation counter. The data 
are expressed as percent conversion of chloramphenicol into chloramphenicol acetates. 
For quantitative CAT assays, all extracts in a given experiment contained the same 
amount of protein and were diluted so that the most concentrated sample was still in the 
linear range of the CAT assay as empirically determined by kinetic assays. 
Tnawccrydom S&zrf S&e Awzfyaw 
Total RNA was isolated from the nectaries of Tr461.3 flowers at Stage 12 of 
development (Chomczynski and Sacchi, 1987). One microgram of this RNA was reverse 
transcribed with PowerScript reverse transcriptase, and ds cDNA was amplified using the 
SMART cDNA kit according to the manufacturer's protocols (Clontech, Palo Alto, CA). 
Following preparation of the cDNAs, the ends were polished with Klenow Fragment 
(Ausubel, et al., 1992), ethanol precipitated and circularized via ligation. An inverse PCR 
method using oligonucleotides specific to the CAT gene was employed to identify the 
transcription start site. DNA sequencing was performed at the Iowa State University Nucleic 
Acid facility using the Applied Biosystems Prism Dye-deoxy Cycle Sequencing Kit. The 
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reactions were run on an Applied Biosystems Prism 377 DNA sequencer (Perkin-Elmer 
Corp., Norwalk, CT). 
RESULTS AND DISCUSSION 
The JVEC/-CAT construct (Figure 4-1) was prepared as described in Materials and 
Methods and used to transform TV. faZwzcwm cv. Xanthi plants to kanamycin resistance. Five 
transgenic plants were produced in these studies. The presence of the transgene was 
confirmed in each of these plants by PCR analysis (data not shown). Each of these lines was 
grown to maturity and flowers were isolated from each plant line at floral maturity (Stage 
12). As can be seen in Figure 4-2, four of the transgenic plants showed good levels of CAT 
expression (>10% conversion of chloramphenicol into chloramphenicol acetates). 
We had previously used western blots to demonstrate that the Nectarin I protein 
accumulates uniquely in nectar, nectary tissues and to a much lower extent in ovary (Carter, 
et al., 1999). When we examined the organ specific expression patterns of the NEC/ CAT 
construct (Figure 4-3), we observed that the CAT activity reflects this pattern. CAT activity 
was strongly observed only in the nectary tissue (Lane 1), and to a much lower level in the 
ovary (Lane 2). No CAT activity was observed in any other floral organ (Lanes 3 to 9), nor 
was CAT activity found in leaves, stems, or roots. When we quantitated the expression in 
each organ, we observed that the nectary has approximately 15-fold higher levels of 
expression than the ovary and at least 100-fold higher expression than any other plant organ 
(Table 4-2). Therefore, we conclude that the Nectarin I promoter is strongly and uniquely 
expressed in nectary tissue and to a much lower extent in the ovary. The other transgenic 
lines, Tr461.1, Tr461.4, and Tr461.5 showed similar patterns of expression (data not shown). 
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We also evaluated the developmental expression of the MEC7-CAT construct. The 
development of tobacco flowers has been divided into 12 stages (Koltunow, et al., 1990). 
According to this scheme, flowers are fully open and mature at Stage 12. Nectar secretion 
begins at late Stage 10 or early Stage 11, approximately 12 to 16 hr prior to floral maturity. 
Further, following fertilization of the flower, nectar secretion ceases. To evaluate the 
developmental expression of the Nectarin I promoter, we isolated nectary tissues from 
Tr461.3 flowers at a variety of stages between floral stage 6 and post-fertilization. As can be 
seen in Figure 4-4, the MEC7-CAT construct expression is undetectable at Stage 6 (lane 1), 
begins at Stage 8 (lane 2), is at moderate levels by Stage 10 (lane 3), and at high levels by 
Stage 12 (lane 4). In post-fertilization flowers (lane 5) there was little CAT activity 
remaining. Quantitation of these different floral stages (Table 4-3) demonstrated that Stage 
12 nectaries were at least 40-fold higher than stage 6 nectaries; 10-fold higher than stage 8 
nectaries; 2.5-fold higher than stage 10 nectaries; and 12-fold higher than the post-
fertilization nectaries. Thus, the expression of the Nectarin I promoter precedes nectar 
secretion by 12 to 24 hours, but is most active at times when nectar is being actively secreted 
from the nectary tissues. The other transgenic lines, Tr461.1, Tr461.4, and Tr461.5 showed 
similar patterns of expression (data not shown). 
To evaluate whether the Nectarin I promoter utilizes the same transcription start site 
in the transgenic plants as it does in normal plants, we used a SMART cDNA synthesis 
method to isolate the full-length 5' untranslated region of the AfECf-CAT construct and a full-
length cDNA encoding the native Nectarin I. Initially we submitted the Nectarin I promoter 
for on-line analysis of the transcription start site using the Neural Network Promoter 
Prediction tool at "http://www.fruitfly.org/seq_tools/promoter.html". This analysis predicted 
that nucleotide 1272 of the promoter as the transcription start site. The sequence alignment 
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in Figure 4-5 shows a portion of the Nectarin I gene and the sequences of the 5' untranslated 
regions from the full-length Native Nectarin I cDNA and from the 7VEC7-CAT construct as 
determined by 5-RACE. In each case, nucleotide 1272 of the promoter was identified as the 
transcription start site, and we conclude that the promoter in the chimeric constructs is 
faithfully regulated in the transgenic plants. 
The sequence of the Native Nectarin I cDNA was deposited in the GenBank as 
accession #AF411917. The nucleotide sequence is 94% identical to that of the N. 
Nectarin I gene (Carter, et al., 1999). These differences result in a protein 
that is 96% identical at the amino acid level to the M protein. 
Because the Nectarin I promoter faithfully expresses marker genes uniquely in the 
nectary tissues and at times when nectar is being actively secreted, we propose that this 
promoter would be extremely useful to engineer modifications in plant nectars that could 
either affect insect visitation or could produce novel secreted biochemicals. Because nectar 
contains only a limited array of secreted proteins, novel secreted proteins could be readily 
isolated in a nearly pure form from plant nectars. 
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TABLE 4-1. Oligonucleotides used in these studies 
Name 
1 5'-cap 
SMART IV oligo 
2 5'-PCR primer 
3 3' PCR primer 
4 oligo 1 













Ligation at the 5' 
end of the first 
strand cDNAs 
Templates for 
reverse PCR of 
cDNAs 
PCR amplification 
of the #EC7 
promoter 
PCR amplification 
of the 5' end of the 
MECACXr mRNA 
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TABLE 4-2. Quantitation of expression of MEC7-CAT in various plant tissues at floral stage 
12. All CAT assays were performed as described (Materials and Methods) using organs 
from plant Tr461.3. Each assay contained 25 p,g of total protein from the indicated various 
tissues. 
Organ % Conversion % of Nectary » 
Nectary 25.8 ± 0.9 100.0 % 3 
Ovary 4.7 ±0.4 18.2% 3 
Style <0.25 <1 % 3 
Stigma <0.25 <1 % 3 
Anther/Filament <0.25 <1 % 3 
Floral tube <0.25 <1 % 3 
Petal <0.25 <1 % 3 
Sepals <0.25 <1 % 3 
Receptacle <0.25 <1 % 3 
Leaf <0.25 <1 % 3 
Stem <0.25 < 1 % 3 
Root <0.25 <1 % 3 
109 
Table 4-3. Quantitation of MEC/-CAT expression in developing nectaries. All CAT assays 
were performed as described (Materials and Methods) using flowers from plant Tr461.3. 
Each assay contained 25 p,g of total protein from the indicated various tissues. 
Nectary stage % Conversion % of Stage 12 M 
Stage 6 0.9 ±0.3 2.3% 3 
Stage 8 4.9 ±0.5 12.6% 3 
Stage 10 15.4 ±2.5 39.0% 3 
Stage 12 38.9 ±5.1 100.0 % 3 
post-fertilization * 3.8 ± 0.6 9.8% 3 
& post-fertilization flowers were harvested approximately 48 hr after fertilization. 
Figure 4-1. Structure of the MEC/-CXT transgene, pRT461. Panel A: Map showing the 
fragments used for assembly of the transgene. Nectarin I promoter; C/4 T, 
chloramphenicol acetyl transferase structural gene; strong Potato Proteinase Inhibitor II 
terminator. Panel B: Sequence through the MECV-CdT promoter gene fusion. The 





7VEC7 CAT pm2 
Xbal 
< NECI promoter . . . TTCTTCTTCT CCTTGAGCTT GTGGTCTAGA 
BamHI Bgl II 
GGATCCTCTA GGGAAGATCT GAGCTTGGCG AGATTTTCAG GAGCTAAGGA 
AGCTAAA ATC GAG AAA AAA ATC ACT. . . > CAT (pRT461) 
Met Glu Lys Lys Ile Thr 
Figure 4-2. Assay of chloramphenicol acetyl transferase activity in nectary tissue (Stage 12) 
of Gve independent Tr461 lines. Extracts of plant tissues containing 25 |ig of protein were 
assayed for chloramphenicol acetyl transferase as described in Materials and Methods. Lane 
1, Tr461.1; lane 2, Tr461.2; lane 3, Tr461.3; lane 4, Tr461.4; lane 5, Tr461.5; lane 6, 
negative control containing wild-type M cv Xanthi; lane 7, positive control 
containing 45 units of & co# chloramphenicol acetyl transferase. 
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• ji^i. V.l •-' 
Figure 4-3. Tissue specificity of expression of the MEC/-G4T construct Extracts of various 
plant tissues containing 25 p,g of protein were assayed for chloramphenicol acetyl transferase 
as described in Materials and Methods. Lane 1, nectary; lane 2, ovary; lane 3, style; lane 4, 
stigma; lane 5, anthers/filaments; lane 6, floral tube; lane 7, petals; lane 8, sepals; lane 9, 
receptacle; lane 10, leaf; lane 11, stem; lane 12, root, lane 13, negative control containing no 





9 10 11 12 13 14 
Figure 4-4. Developmental expression of the JYEC/-G4T construct. Extracts of various 
plant tissues containing 100 |ig of protein were assayed for chloramphenicol acetyl 
transferase as described in Materials and Methods. Lane 1, nectary tissues from Stage 6 
flowers; lane 2, nectary tissues from Stage 8 flowers; lane 3, nectary tissues from Stage 10 
flowers; lane 4, nectary tissues from Stage 12 flowers; lane 5, nectary tissues 6om flowers 
post-fertilization; lane 6, negative control containing no added tissue extract; lane 7, positive 





Figure 4-5. Transcription start site analysis of the Nectarin I promoter. The identity of each 
sequence is indicated to the left of each sequence. The nucleotide position of each sequence 
is indicated to the right of each sequence. The M Nectarin 1 gene is 
GenBank Accession number AF132671. The native Nectarin I cDNA is GenBank Accession 
number AF411917. The Tr461.3 MTCACW T transgene 5 ' RACE analysis is labeled Tr461.3. 
The positions of the ATG start codons for the Nectarin I genes and for the CAT gene are 
indicated in boldface type. The putative TATA box is shaded. 
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Necl gene AAAGAGCATA TATAACACCA 
Necl gene GAAGCAAGGC TTTTCTTTAT 
Necl gene TTTCTTCATC TCACGTCAAA 
Necl gene GCACATATAT ATCAATGTTA 
Necl gene GTCAATTCCA ATACCAAATT 
CCAAAAAGAC GAAAAAGAGA CTCCTATTTT 1050 
TTGGTATAGT ATTTTGACCA CTCTATTTAA 1100 
TTTAAGTCTA GCAATACTCA TTTACTCCTC 1150 
TAATTCTTTT ACACAAGCAC CTAATTTCAG 12 00 
AAAGCCTTTC AAGTTTTTCC 7A7V\ATGAA 1250 
Necl gene jfcCACTCCAA TTTCTCTGAG 
Necl CDNA 
transgene 
+1 (transcription start) 
I 
CATCGTCAAA TTAATTAAAG AGTAATATTA 13 00 
ATCGTCAAA TTAATTAAAG AGTAATATTA 29 
ATCGTCAAA TTAATTAAAG AGTAATATTA 29 
NECI --> 
Necl gene ACGAGTTCTT CTTCTCCTTG AGCTTGTGGT CACCATATTA TOGCTGCCTT 1350 
Ned cDNA ACGAGTTCTT CTTCTCCTTG AGCTTGTGGT CACCATATTA TOGCTGCCTT 79 
transgene ACGAGTTCTT CTTCTCCTTG AGCTTGTGGT CTAGAGGATC CTCTAGGGAA 79 
Necl gene TGGAATTAAA AGTAAGATAT TTCAAATTAT GGAGATGACG ATACTATTTT 1400 
Necl cDNA TGGAATTAAT AGTAAGATAT TTCAAAGTAT GGAGATGGCG ATACTATTTT 129 
transgene GATTGAGCTT GGCGAGATTT TCAGGAGCTA AGGAAGCTAA AATOGAGAAA 129 
CAT --> 
120 
CHAPTERS. IDENTIFICATION AND 
CHARACTERIZATION OF THE NECTARIN H, NECTARIN 
HI AND NECTARIN V PROTEINS OF ORNAMENTAL 
TOBACCO 
to be submitted for publication summer, 2002 
Clay Carter and Robert W. Thomburg 
ABSTRACT 
Ornamental tobacco secretes a limited array of proteins (nectarins) into its floral 
nectar (Carter et. al, 1999). N-terminal sequencing demonstrated that Nectarin II (35 kD) is a 
degradation product of Nectarin III (40 kD). RT-PCR based upon the N-terminal sequences 
generated a short cDNA, which was used to isolate a full-length clone. Sequence analysis 
identified Nectarin III as a dioscorin-like protein. Nectarin II and Nectarin III were shown to 
possess both carbonic anhydrase and monodehydroascorbate reductase activities but little 
trypsin inhibitor activity. Also, a careful analysis revealed that the band at 65 kD, previously 
referred to as Nectarin IV, actually consists of five discrete protein bands. N-terminal 
sequencing and MALDI-TOF MS analysis demonstrated that the upper three bands are 
isoforms of the same protein (Nectarin V). RT-PCR based upon N-terminal sequence 
generated a short cDNA, and inverse-PCR of genomic DNA later identified these isoforms as 
a berberine bridge enzyme-like protein. This DNA fragment was used as a probe to isolate a 
near full-length clone of Nectarin V from a nectary cDNA library. RT-PCR based 
expression analyses showed that Nectarin V expression is limited to the nectary in later 
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stages of development whereas Nectarin HI is temporally expressed evenly throughout 
nectary development. A proposed function in pH maintenance and oxidative balance in 
nectar is discussed. 
INTRODUCTION 
Many plants offer floral nectar as a reward for pollinator visitation. The chemical 
composition of nectar has been widely studied and solutes such as sugars, amino acids, 
lipids, antioxidants, alkaloids, phenolics and metal ions have been identified in various 
nectars (Baker and Baker, 1983). The presence of proteins in plant nectars has also been 
historically described (Beutler, 1935; Frey-Wyssling et al.,1954; Zimmerman, 1953; Lùttge 
and Schnepf, 1976; Zauralov, 1969; Scogin, 1979). However, these reports have largely 
failed to identify or characterize these proteins. Other than our own work in characterizing 
nectar proteins (Carter et al., 1999, Carter et al., 2000) there is a single report on the 
identification of proteins in leek nectar (Peumans et al.,1997). 
Our work has previously described a set of proteins, termed nectarins, secreted in the 
nectar of tobacco plants. Nectarin I, the most highly expressed nectar protein, was identified 
as a germin-like protein of unknown function (Carter et al., 1999) and was later characterized 
as a superoxide dismutase (SOD) (Carter and Thomburg, 2000). The product of SOD 
activity is hydrogen peroxide, a reactive oxygen species (ROS). We demonstrated that the 
nectar of ornamental tobacco contains hydrogen peroxide at levels up to 4 mM (Carter and 
Thomburg, 2000). 
All plants produce reactive oxygen species (ROS) at the cell wall under stress 
conditions (Wojtaszek,1997; Bolwell, 1999). The core of ROS generation at the cell wall in 
plants is thought to occur either through a membrane bound mammalian-like NADPH 
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oxidase or an apoplastically expressed NADPH peroxidase, both of which generate 
superoxide (Wqjtaszek,1997; Bolwell, 1999). Superoxide is then converted into hydrogen 
peroxide either by spontaneous dismutation or through an extracellular SOD 
(Wojtaszek,1997; Bolwell, 1999). The hydrogen peroxide produced is thought to be used in 
downstream signaling processes, cross-linking of cell walls and/or for direct antimicrobial 
activity (Grant and Loake, 2000; Wojtaszek,1997; Bolwell, 1999). 
Hydrogen peroxide is generally toxic to cells at levels of 10-100 pM, however, H2O2 
is not necessarily the primary lethal element itself (Halliwell and Gutteride, 1999). Rather, 
more potent ROS that result from the breakdown of hydrogen peroxide are thought to 
mediate lethal activities (Halliwell and Gutteride, 1999). A major breakdown product of 
hydrogen peroxide, particularly in the presence of transition metal ions, is hydroxy! free 
radical (OH*) (Halliwell and Gutteride, 1999). One of primary vitamins known to occur in 
plant nectars is ascorbate (Baker and Baker, 1983). Interestingly, ascorbate will readily 
reduce hydroxyl free radicals into hydroxide anion (OH"). In the process, ascorbate is 
converted into monodehydroascorbate (MDA). Two molecules of MDA may then react to 
form one molecule of ascorbate and one molecule of dehydroascorbate (DHA). Unless some 
mechanism is present reconvert MDA and DHA back into ascorbate, it is rapidly degraded 
(Halliwell and Gutteride, 1999). The most commonly proposed mechanisms of ascorbate 
regeneration include DHA reductase and MDA reductase activities which require glutathione 
and NAD(P)H for activity respectively (Hou et al. 1999b) 
Until now, the identification of the other nectarins has remained elusive. Here we 
describe the identify Nectarin II and Nectarin III as a dioscorin-like carbonic 
anhydrase/MDA reductase and Nectarin V as a berberine bridge enzyme-like protein. We 
propose a mechanism for the maintenance of pH and ascorbate levels in nectar is proposed. 
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MATERIALS AND METHODS 
The line of ornamental tobacco plants used in this study was derived from an interspecific 
cross between Mcofiwia Wgafor/Z; and M #zf%fgrag. Both of these species are diploid and 
belong to the Alatae section of Mcofwzwz. These plants were previously used to study a 
genetic instability (Komaga et al., 1997) as well as the tobacco nectar proteins (Carter et al., 
1999, Carter and Thomburg, 2000). Nectar was collected as described in Carter et al., 1999. 
N-terminal sequencing 
Crude nectar protein (100 p.g) was subjected to 12% SDS PAGE (Laemmli, 1970), 
briefly stained with Coomassie Blue R-250 and electrophoretically transferred to polyvinyl 
difluoride (PVDF) membrane. The bands corresponding to Nectarin II and Nectarin III 
protein were excised from the PVDF membrane and sequenced on an Applied Biosystems 
477A protein sequencer/120A Analyzer using sequential Edman degradation at the Iowa 
State University Protein Facility. N-terminal sequencing of Nectarin V involved the same 
procedure, however, nectar proteins were separated on an 18 cm 8% SDS PAGE prior to 
staining and transfer to PVDF membrane. 
Total RNA was isolated from Stage 12 nectaries by the method of Chomczynski and 
Sacchi (1987) and mRNA was isolated using the polyATtract mRNA isolation kit (Promega, 
#25300). Purified mRNA was then used to create a cDNA library using the Clontech 
SMART cDNA library construction kit according to the manufacturer's instructions. The 
124 
ligated lambda derived library was packaged using Stratagene's Gigapack Gold m packaging 
extract and amplified according to the manufacturer's instructions. 
Pom»? of 7/gcfann /Z/H7 cDMA 
Degenerate oligonucleotides, NecII-FOR and NecHI-REV, derived from the N-
terminal amino acid sequences of Nectarin II and Nectarin m were: 5-GGN-GAR-GTN-
GAY-GAY-GA-3' and 5-NGG-YTT-RTA-RTC-YTT-YTG-NA-3' respectively where R = G 
+A, Y = T + C, and N = G + A + T + C. These oligonucleotides were used for degenerate 
RT-PCR generating a partial cDNA. RNA was isolated (Chomczynski and Sacchi, 1987) 
and reverse transcribed using the Clontech SMART cDNA library synthesis kit. PCR was 
performed according to standard protocols (Erlich, 1989). 
The Stage 12 nectary cDNA phagemid library was screened using the partial Nectarin 
m cDNA as a probe. Strongly hybridizing plaques were brought through two rounds of 
screening. Positive plaques were transduced into E. co/i (BM25.8, Clontech). Resultant 
plasmids were fully sequenced in both directions at the Iowa State University DNA 
Sequencing and Synthesis Facility. 
CZomnp of fAe TVec&zrm V cDML/jpgne 
Degenerate oligonucleotides, Nec5-5' and Nec5-3', derived from the N-terminal 
amino acid sequence of Nectarin V were: 5-GCN-GTN-CAR-AAR-AAR-TT-3' and 5 -
GTN-GTR-TAD-ATN-GGR-AA -3' respectively where R = G +A, D = A + G + T, and N = 
G + A + T + C. Total RNA was isolated (Chomczynski and Sacchi, 1987) and reverse 
transcribed using oligo dT according to standard methods (Ausubel et al., 1996). After first 
strand synthesis, PCR was used to generate a partial cDNA. PCR was performed according to 
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standard protocols (Erlich, 1989). Other DNA methods were performed according to 
manufacturers instructions or standard accepted protocols (Ausubel et al., 1996; Sambrook et 
al.; 1989) 
MA f Specfromgfrv 
For Nectarin m, crude nectar protein (100 |ig) was subjected to 10% SDS PAGE and 
briefly stained with Coomassie Blue G-250. The corresponding band was excised and 
MALDI-TOF mass spectrometry was performed as in Wang et al. (2000). Masses were 
collected over a range of 600-4000 Daltons. The same procedure was followed for Nectarin 
V except proteins were separated in an 18 cm 8% SDS PAGE prior to staining and band 
excision. 
RT-PCR determination of Nectarin III and Nectarin V expression patterns 
RNA was isolated from Stage 6, 8, 10, and 12 nectaries according to Chomczynski 
and Sacchi (1987). One microgram of total RNA was used for first strand cDNA synthesis 
according to standard methods using oligo-dT (Ausubel et al., 1996). Internal 
oligonucleotides, N3-F1 and N3-R1 or N5-F1 and N5-R2, were designed and standard RT-
PCR was performed. pRT521 or pRT522 plasmid was used as positive controls respectively. 
PCR reactions were analyzed by 1% TAE-agarose electrophoresis. 
Enzyme ajfovf 
Carbonic anhydrase assay 
Crude nectar (50 |il) was subjected to 10% native page. An in-gel carbonic anhydrase assay 
was performed according to Edwards and Patton (1966). Activity bands were photographed 
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and excised from the gel. Gel pieces were incubated at 20°C for 15 minutes in IX SDS 
PAGE buffer, boiled for 5 minutes and then subjected to standard 12% SDS PAGE. After 
electrophoresis, the gel was stained with Coomassie Blue R-250 and photographed. Low 
Molecular Weight Standards from Pharmacia containing a carbonic anhydrase was used as a 
positive control. 
MDA reductase assay 
Crude nectar (50 |il) was subjected to 10% native page. An in-gel MDA 
reductase/diaphorase assay was performed according to Kaplan and Beutler (1967). Activity 
bands were photographed and excised from the gel. Gel pieces were incubated at 20°C for 15 
minutes in IX SDS PAGE buffer, boiled for 5 minutes and then subjected to standard 12% 
SDS PAGE. After electrophoresis, the PAGE gel was stained with Coomassie Blue R-250 
and photographed. 
DHA reductase assay 
Fifty |il of crude nectar was subjected to 10% SDS PAGE and dehydroascorbate 
(DHA) reductase activity staining proceeded as follows: the SDS PAGE gel washed three 
times for 10 minutes in 10 mM TRIS-C1 pH 8.1 containing 25% isopropanol (to remove 
SDS) and rinsed once in the same buffer without isopropanol. The gel was then incubated at 
20°C in a solution of 10 mM TRIS-C1 containing 0.2% Mi l (3-[4,5-Dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide), 1 mM dehydroascorbate and 1 mM of either glutathione, 
NADH or NADPH. Staining continued for 1-3 h. Activity bands appeared as a dark 
blue/purple band on a light purple background. 
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Trypsin inhibitor assay 
An in-gel trypsin inhibitor assay was performed as described in Lee and Lin (1995). 
Low Molecular Weight Standard from Pharmacia containing soybean trypsin inhibitor was 
used as a positive control. 
Pwrz/zcafzYm of Mec&zriM V /rom cnwk Mgcfar 
One milliliter of crude nectar was equilibrated with 100 |iL of 0.1 M NaPO^ pH 5.8 
and loaded onto a 1 mL CM-sephadex column (Pharmacia) pre-equilibrated with 10 mM 
NaPO^ pH 5.8. The flow-through was collected and reapplied to the column two more 
times. The column was then washed with 1 mL volumes of 50 mM NaPO^ pH 5.8 and each 
wash was collected. Pure fractions (determined by SDS PAGE) from an initial four 
milliliters of crude nectar were pooled and concentrated with a 10,000 MWC UltraFuge 
ultrafiltration centrifuge filter (Osmonics). Purity was determined via SDS PAGE and 
staining with Coomassie Blue R-250. 
HWrof en peroxide mgaawremgnff in necfar 
The decay of hydrogen peroxide over time was measured as described in Carter and 
Thomburg (2000). 
v4jcorf%zfg «igferTmfwzfio» in fotacco fzec&zr 
Ascorbate has a characteristic absorbance maximum at 265 nm. A standard curve of 
ascorbate in a solution of 10 mM sodium phosphate, pH 7.0 was generated. Ten microliters 
of fresh crude nectar was mixed with 990 pi of diHgO and the absorbance recorded at 265 
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nm. The presence of ascorbate was also independently confirmed using a DCIP reduction 
assay as well as thin-layer chromatography analysis (Reiss, 1994). 
Attempts to identify and characterize the tobacco nectar proteins were undertaken in 
order to evaluate possible functions within nectar. Our strategy to characterize these 
nectarins was to isolate the proteins and subject them to N-terminal sequencing analyses. 
Based upon N-terminal sequences, efforts were initiated to isolate corresponding genes. 
Afe q/Wecforwi ff awf Iff aa a dwwcorwz-Ktg 
N-terminal sequencing 
Nectar proteins were separated by 12% SDS PAGE and blotted onto a PVDF 
membrane. The bands corresponding to Nectarin II and Nectarin m were excised and 
subjected to N-terminal sequencing as described in Materials and Methods. The Nectarin II 
N-terminal sequence was determined to be GEVDDESEF%Y while Nectarin in was 
G/yVSNLRILQKDYKP. BLAST searches of the individual sequences identified no potential 
homologues (Altschul et al., 1990). However, when the sequences were concatenated, 
BLAST searches identified the combined sequences as a dioscorin-like carbonic anhydrase 
(see Figure 5-1). These results suggested that Nectarin II is a degradation product of 
Nectarin HI. 
129 
/so&zfzo» a/wf c/zaracfgnzafio» of fke Mecfan» 77/ cDjVA 
Degenerate oligonucleotides based upon the N-terminal sequences of Nectarin II and 
Nectarin IE were designed for PCR amplification of a partial cDNA. Total RNA was 
isolated from mature nectaries (Stage 12) and reverse transcribed as described with the 
Clontech SMART cDNA library construction kit. Starting with the first strand cDNA, PCR 
was used to generate a partial clone encoding the Nectarin HI cDNA. This fragment was 
blunt-end cloned into the ffmcll site of pUC8 to generate clone pRT518. This partial cDNA 
was 185 nucleotides in length and corresponded to the first 61 amino acids of the mature 
protein. The sequence of pRT518 is shown in Figure 5-1. The translated amino acid 
sequence is also compared to that of N-terminal sequences of Nectarin II and Nectarin m [A 
note on nomenclature: from this point, the term "Nectarin II" refers only to the protein band 
observed by SDS PAGE analyses (there is no Nectarin II gene product) whereas, "Nectarin 
HI" may refer to either the protein or gene/cDNA]. 
The partial Nectarin m cDNA was used to screen a mature (Stage 12) nectary cDNA 
library (described in Materials and Methods). Strongly hybridizing plaques were taken 
through two rounds of screening. Plasmids were excised from the phage using the BM25.8 
strain of E. coW (Clontech). The 5' end of each clone was sequenced and all were identical. 
A single clone was designated as pRT521 and completely sequenced. This sequence has 
been deposited in GenBank as accession #AF492468 
of fAe Mecfonn # owf TZf profeww 
The isolated Nectarin m cDNA encodes a protein of 274 amino acids. The PSORT 
analysis tool (Nakai and Kanehisa, 1992) predicted a 25 amino acid N-terminal signal 
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peptide that correctly identified the mature N-terminus of Nectarin m. The full length 
Nectarin m protein has a predicted mature mass of 28,536 Da and a pi 5.79. The truncated 
form of the protein, Nectarin II, has a predicted molecular weight of 23,079 Da and a pi of 
8.60; however, the observed sizes of the Nectarin II and Nectarin m proteins were 35 kD and 
40 kD respectively by SDS PAGE analysis. Also, there are three potential sites of N-
glycosylation at N89, N112 and N262 in the translated Nectarin in cDNA. 
MALDI-TOF MS analysis of the Nectarin 111 protein 
To confirm that pRT521 actually encodes the Nectarin IH protein, we performed a 
mass spectrometric peptide fingerprinting analysis of the mature Nectarin m protein. Nectar 
proteins were separated by 12% SDS PAGE, briefly stained with Coomassie blue G-250 and 
the band corresponding to Nectarin m was excised from the gel. This gel slice was washed 
extensively and digested in jif% with trypsin (Wang et al., 2000). The resulting peptides were 
eluted from the gel and analyzed using a time-of-flight mass analyzer (Lasermat 2000 
MALDI; Finnigan, Madison, WI) (Wang et al., 2000). From this analysis we identified 9 
peptides that matched the predicted masses from the translated sequence of Nectarin m 
clone. Further, these peptides covered 41.4% of amino acid sequence of the mature Nectarin 
HI protein. Figure 5-2 and Table 5-1 show the peptides which were identified. The predicted 
tryptic peptides that contain the three potential glycosylation sites were not present in the 
MALDI-TOF MS data set. This suggests that all three sites are indeed glycosylated in the 
mature Nectarin III protein (see Table 5-1). 
Enzvnwzfic ocfivifv ofAWarin 77 #gc&zrih #7 
As previously mentioned, Nectarin m was identified as a dioscorin-like protein. 
Dioscorin is the major soluble storage protein from yam and has a monomer mass of 28 kD 
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(Conlan et al., 1995; Hou et al., 1999a; Hou et al., 1999b; Hou et al., 2001). This protein has 
been associated with several functions including carbonic anhydrase, monodehydroascorbate 
reductase, dehydroascorbate reductase, trypsin inhibitor and direct antioxidant activities (Hou 
et al., 1999a, Hou et al., 1999b, Hou et al., 2001). A large family of dioscorin/carbonic 
anhydrase-like proteins is found throughout the plant kingdom and Arafwdo/Mi,? alone 
contains 9 potential homologues; however, most of these have unknown function. 
To evaluate whether the Nectarin n/m protein has similar enzymatic activities as the 
dioscorins, crude nectar was subjected to 10% native PAGE and stained for MDA reductase 
or carbonic anhydrase activity. The positively staining activity bands were excised from the 
native PAGE gel and subjected to 10% SDS PAGE and stained with Coomassie Blue R-250 
to visualize the proteins responsible for the activity. The results (Figure 5-3) indicated that 
both Nectarin II and Nectarin m are identified in the bands that contain MDA reductase and 
carbonic anhydrase activities. 
Nectarin II and Nectarin m were also examined for trypsin-inhibitor activity. 
Although Nectarin III shares significant homology with dioscorin from yam, little trypsin-
inhibitor activity was demonstrated (data not shown). 
V aw profewi 
jgfwencûzf ofWecfanM V 
Nectar proteins were separated on an 18 cm 8% SDS PAGE and stained with 
Coomassie Blue R-250. Figure 5-4 demonstrates that the band formerly termed Nectarin IV 
actually consists of 5 distinct protein bands. A separate identical gel was blotted onto PVDF 
and the uppermost band was excised and subjected to N-terminal sequencing at the Iowa 
State University Protein Facility. The resulting sequence was determined to be 
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X VQKKFLQXLS VSDQXFPIYTT, where X is unknown. BLAST searches of this N-
terminal sequence identified no potential homologues. 
N-terminal sequencing was also performed on the other four major proteins occurring 
directly below the uppermost band. This analysis revealed that the third and fourth protein 
bands (Nectarin Va, Vb), and the uppermost protein (Nectarin Vc) have the same N-terminal 
sequence (data not shown). However, attempts at N-terminal amino acid sequencing of the 
two lowest molecular weight proteins (Nectarin IVa, IVb) of this complex yielded no useful 
sequence information (these N-termini are likely blocked). MALDI-TOF mass spectrometric 
analyses (see below) revealed that the three upper bands were likely derivatives of the same 
gene product and that they did not share significant peptide masses with those of the lowest 
two protein bands. At this point, these protein bands were termed Nectarin IVa, IVb, Va, Vb 
and Vc in order of increasing molecular weight (see Figure 5-4). 
Isolation and characterization of the Nectarin V cDNA 
Based upon the N-terminal sequence of the uppermost nectarin band, degenerate 
oligonucleotides for RT-PCR amplification were designed. Sequences of the degenerate 
oligonucleotides are presented in Figure 5-5. Total RNA was isolated (Chomczynski and 
Sacchi, 1987) and reverse transcribed using oligo dT according to standard methods 
(Ausubel et al., 1996). After first strand synthesis, PCR was used to generate a partial 
cDNA. This fragment was blunt-end cloned into the #mcll site of pUC8 to generate clone 
pRT507. This partial cDNA was 65 nucleotides in length and matched the first 22 amino 
acids of the mature protein. The sequence of pRT507 is shown in Figure 5-5. Also in this 
figure, the translated amino acid sequence of this clone is compared to the N-terminal 
sequence of Nectarin Vc. 
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We then attempted to use this fragment as a probe to isolate the corresponding gene 
from a Mcofwma genomic library but did not obtain any positive plaques. 
We therefore undertook an alternative strategy of inverse PCR to clone the Nectarin V gene. 
Oligonucleotides (NecV-INVl and NecV-INV2) were designed from the internal DNA 
sequence of the partial cDNA (pRT507) for amplification using inverse-PCR. Genomic 
DNA was isolated from our ornamental tobacco lines. The DNA was subsequently digested 
with &zw3A I and self-ligated using T4 DNA ligase. Inverse-PCR yielded a 538 nucleotide 
fragment. This fragment was sequenced and a new set of primers (NecV-FORl and NecV-
REV1) were designed. A second round of inverse-PCR was carried out again following 
digestion with Togl and self-ligated using T4 DNA ligase. The second inverse-PCR resulted 
in a 1.6 kb band that was blunt-end cloned into pUCl 19 to generate the clone pRT517. This 
sequence was deposited into the GenBank as accession #AF503442. 
This larger, inverse-PCR fragment was used to screen a mature nectary cDNA library. 
A single strongly hybridizing plaque was taken through two rounds of screening. The 
plasmid was excised from the phage using the BM25.8 strain of E. coZ; (Clontech). This 
clone was then designated as pRT522 and was completely sequenced. This sequence has 
been deposited in the GenBank as accession #AF503441. 
The isolated cDNA was found to be truncated at the 5' end. However, when the 
inverse-PCR fragments were aligned with the cDNA, the full open reading frame was 
revealed (see Figure 5-6). BLAST searches of the translated sequence identified this clone as 
a berberine bridge enzyme (BBE)-like protein (Altschul et al., 1990). The cloned fragment 
from the second round of inverse PCR also contained approximately 800 nucleotides of 
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sequence flanking the 5' end of the Nectarin V cDNA. This represents a portion of the 
promoter of the Nectarin V gene. 
CAaracferkafzom qfdw Akc&wn V/wvfem 
The full length Nectarin V gene encodes a protein of 523 amino acids. The PSORT 
on-line analysis tool (Nakai and Kanehisa, 1992) predicted a 21 amino acid N-terminal signal 
peptide that correctly identified the mature N-terminus of Nectarin V. The mature Nectarin 
V protein has a predicted mature mass of 57,188 Da and a pi 6.40. Also, there are five 
potential sites of N-glycosylation at N49, N64, N127, N257 and N476. 
MAÏDÎ-TOF MS analysis of the Nectarin V protein 
To confirm that the Nectarin V gene encoded the observed proteins, we performed 
peptide fingerprint mass spectrometry on the upper band (Nectarin Vc) of the Nectarin V 
protein complex. From this analysis we identified 20 peptides that matched the predicted 
masses derived from the translated sequence of the Nectarin V gene. These peptides covered 
39.4% of the total amino acid sequence of the mature protein. Figure 5-6 and Table 5-2 
show these identified peptides. 
The mass peaks of peptides which were predicted to be N-glycosylated were all 
absent in the Nectarin Vc isoform. This suggested that all five sites are indeed glycosylated 
(see Table 5-2). However, the slightly smaller Nectarin Vb protein contained a peptide mass 
peak that corresponds to the N69 glycosylation site indicating that this position is not 
glycosylated in the Nectarin Vb isoform. Further, the Nectarin Va isoform also contained a 
peptide mass peak corresponding to the N49 glycosylation site, indicating this position is also 
not modified. Cumulatively, data for the various Nectarin V isoforms (Va, Vb, Vc) indicate 
that these proteins are encoded by the same gene product and differences in masses result 
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from differential N-glycosylation. The two bands that appear directly below the Nectarin V 
isoforms (Nectarin IVa and IVb) were also subjected to MALDI-TOF MS analysis and do 
not share significant peptide mass identities with the Nectarin V isoforms. N-terminal amino 
acid sequencing of the Nectarin IV proteins did not yield any useful sequence information, 
suggesting that the respective N-termini are blocked. 
Characterization of Nectarin V as a flavoprotein 
BLAST searches (Altschul et al., 1990) of the translated Nectarin V protein identified 
it as a berberine bridge enzyme (BBE)-like protein. Berberine bridge enzyme, BBE, 
(reticuline oxidase) was originally identified in California poppy (Erc/ucW%%z co/z/brmco) 
(Dittrich and Kutchan, 1991). It catalyses the conversion of s-reticuline into s-scoulerine and 
is a major branch-point of benzophenanthridine alkaloid biosynthesis in plants (Dittrich and 
Kutchan, 1991, Bird and Facchini, 2001). A large family of related proteins have been 
identified in other plants and in AratWopai? alone there are 32 potential homologues. 
However, with the exception of three known BBE homologues, the functions of the vast 
majority of these related proteins remain unknown. 
Berberine bridge enzyme contains a conserved covalently bound FAD which is 
required for activity (Kutchan and Dittrich, 1995). The translated Nectarin V sequence also 
contains a homologous consensus FAD binding domain. To test whether Nectarin V is 
indeed a flavoprotein we purified the protein by ion exchange chromatography. The 
presence of a flavin cofactor was verified by the characteristic fluorescence of FAD. The 
purified protein's emission and excitation spectra were recorded and shown in Figure 5-7. 
The excitation maxima was found to be 314 nm with a resultant emission maxima at 631 nm. 
These spectra are consistent with the flavin fluorescence of other BBEs (Kutchan and 
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Dittrich, 1995). To determine whether the cofactor is covalently associated with the protein 
both crude nectar and ammonium sulfate precipitated nectar protein was subjected to 
standard 6% and 12% SDS PAGE and exposed on a transilluminator at 366 nm. The 
resultant fluorescence was photographed and corresponds to the three isoforms of the 
Nectarin V protein. These results are displayed in Figure 5-8 and confirm that FAD is 
covalently bound to Nectarin V. Further, the tryptic peptide predicted to contain the FAD 
attachment site (HI04) is missing from the MALDI-TOF analysis of the Nectarin V protein 
suggesting that the mass of this peptide is altered. 
An in-gel DHA reductase assay was developed to determine if this activity was 
present amongst the nectar proteins. Preliminary analyses revealed that Nectarin V does 
indeed contain DHA reductase activity and that this protein can accept glutathione, NADH or 
NADPH as electron donors (data not shown). Spectrophotometry assays are being 
developed to verify this activity with the purified Nectarin V protein. 
TÏMwe-gpeci/Zc eaprefMon of NecAzrm ff/Mf ornf V 
Total RNA was isolated from all major tissues as well as from nectaries at various 
stages of development (Chomczynski and Sacchi, 1987). This RNA was reverse transcribed 
using the SMART cDNA synthesis kit from Clontech according to the manufacturer's 
directions. PCR was then performed using 1 p.1 of each RT reaction with internal 
oligonucleotides specific for the Nectarin III and Nectarin V genes respectively. 
Tobacco floral development can be divided into discreet stages which were defined 
by Koltunow et al. (1990). To follow Nectarin m and Nectarin V developmental expression 
patterns we examined Stage 6 (immature nectary, green color), Stage 8 (immature nectary, 
starting to turn yellow/orange), Stage 10 (pre-secretory) and Stage 12 (mature, secretory) 
137 
nectaries. Panel A of Figure 5-9 demonstrates that Nectarin m is expressed evenly 
throughout the immature (Stage 6) to secretory stages (Stage 12) of nectary tissues. Nectarin 
V is not expressed in immature nectaries (Stage 6) but is slightly expressed in Stage 8 and its 
level increases in Stage 10 and Stage 12 (mature nectaries). 
To determine spatial expression patterns of Nectarin m and Nectarin V all major 
floral and vegetative organs were also examined by RT-PCR (Panel B of Figure 5-9). 
Nectarin m expression was found in the nectaries as well as in mature pistils. Nectarin V 
expression was limited solely to the nectary tissues. The expression profile of Nectarin V 
very closely mirrors that of Nectarin I (Carter et al. 1999; Carter and Thomburg, submitted). 
ffydrogeM jMraride awf aacorkde defermfwdwM w: fotocco mecAzr 
The concentration of ascorbate in freshly collected nectar was determined using a 
spectrophotometry assay (as described in Materials and Methods). Ascorbate was found to 
accumulate to a mean concentration of 0.93 mM ± 0.15 in freshly collected nectar. The 
degradation of ascorbate in nectar was also observed as a function of time. It followed a 
logarithmic decay which mirrored (Figure 5-10) that of hydrogen peroxide (previously 
shown to accumulate up to 4 mM, Carter and Thomburg, 2000). The decline in hydrogen 
peroxide and ascorbate in harvested nectar implies that there is an inherent biological 
mechanism associated with the nectary to maintain the levels of each of these compounds. 
The possible presence of ascorbate peroxidase activity in nectar was also examined; 
however, none was found (data not shown). The presumed primary products of hydrogen 




We previously described a small set of proteins expressed in the nectar of tobacco 
plants. These proteins are termed nectarins. Nectarin I, a 29 kD monomer, the most 
abundant nectar protein, was identified as a manganese containing germin-like superoxide 
dismutase (Carter et al. 1999, Carter and Thomburg 2000). The Nectarin I promoter was 
later isolated and reporter constructs demonstrated that the gene is expressed exclusively in 
actively secreting nectary tissue (Carter and Thomburg, submitted). We have now identified 
the Nectarin H, Nectarin m and Nectarin V proteins, determined enzymatic activities, 
isolated their corresponding cDNAs and resolved their patterns of expression. 
N-terminal and cDNA sequence analyses of the Nectarin II and Nectarin m proteins 
indicated that Nectarin II is a degradation product of Nectarin m, which was identified as a 
dioscorin-like protein. Dioscorin has been associated with several functions including 
carbonic anhydrase, monodehydroascorbate reductase, dehydroascorbate reductase, trypsin 
inhibitor and direct antioxidant activities (Hou et al., 1999a, Hou et al., 1999b, Hou et al., 
2001). Nectarin II and Nectarin m were found to contain carbonic anhydrase and MDA 
reductase activities (Figure 5-3) yet little trypsin inhibitory activity (data not shown). The 
function of these enzymatic activities in nectar may include maintaining pH as well as steady 
state ascorbate levels. Supporting evidence for these functions include the fact that the pH of 
ornamental tobacco nectar is -7 (Carter and Thomburg, unpublished) and that ascorbate is 
maintained at a concentration of -0.9 mM (see results). 
The need for carbonic anhydrase activity in nectar may arise from two distinct 
chemical reactions. First, Nectarin I is a superoxide dismutase (SOD). The overall reaction 
of SOD requires hydrogen ions (2 O2" + 2 —> Og + HgOg). Second, in the presence of 
transition metal ions (particular Cu and Fe) hydrogen peroxide is rapidly degraded to form 
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hydroxyl free radicals (OH") (Halliwell and Gutteridge, 1999). Indeed, the 4 mM level of 
H2O2 found in nectar (Carter and Thomburg, 2000) is rapidly degraded when raw nectar is 
removed from the flower (Figure 5-10). This radical is spontaneously reduced via ascorbate 
to form hydroxide anion, OH". In both cases, the hydration reaction of carbonic anhydrase 
activity (CO2 +H2O —> HCOg" + H+) may counteract a propensity for tobacco nectar to 
become basic. 
Dioscorin has been proposed to act in an antioxidant capacity within yam tubers (Hou 
et al., 1999b; Hou et al., 2001). This activity is reportedly the result of MDA reductase and 
DHA reductase activities as well as direct antioxidant characteristics. The rapid reaction of 
ascorbate with radicals such as OH" to form MDA may indicate a need for the MDA 
reductase activity of Nectarin H/III. Both hydrogen peroxide and ascorbate follow 
logarithmic decay patterns in fresh nectar removed from flowers (Figure 5-10). These decay 
patterns appear to be mutually dependent and are likely the result of a loss of respective 
substrates from the surface of the nectary. The proposed function of Nectarin I and Nectarin 
n/m in nectar is diagrammed in Figure 5-11. 
N-terminal sequencing of Nectarin V did not reveal any potential homologues. 
However, inverse PCR and cDNA cloning identified Nectarin V as a berberine bridge 
enzyme-like protein. Berberine bridge enzyme catalyses the conversion of s-reticuline into s-
scoulerine and is a major branch-point of benzophenanthridine alkaloid biosynthesis in plants 
(Dittrich and Kutchan, 1991; Bird and Facchini, 2001); however, most related proteins have 
unknown function. Major common characteristics of these proteins include putative signal 
peptides, sites of N-glycosylation and a conserved FAD binding domain. This domain is 
conserved in Nectarin V from amino acids 60-220 and a covalent site of attachment is 
predicted at histidine 104. Fluorometric and in-gel data confirmed the presence of a 
140 
covalently attached flavin to Nectarin V. FAD and FMN containing proteins generally 
catalyze redox reactions. The fact that Nectarin V contains this cofactor at a conserved site 
suggests that this protein may also be involved in regulating the oxidative state of nectar. 
Indeed, preliminary analyses indicate that Nectarin V contains DHA reductase activity and 
thus may be involved in maintaining ascorbate levels within nectar. Spectrophotometry 
assays are being developed to confirm and characterize this activity. Whether or not 
Nectarin V has BBE activity or some other enzymatic activity is currently under 
investigation. 
Interestingly, Nectarin V expression patterns nearly mirror that of Nectarin I. 
However, the approximately 800 nucleotides of available Nectarin V promoter share very 
limited identity to that of the Nectarin I promoter. Nectarin III displays a slightly different 
expression pattern from that of Nectarin I and Nectarin V. It is found in Stage 6 through 
Stage 12 nectaries as well as in mature pistils. While it is likely that all of the nectarins share 
some similar control elements the identification of such regions and transcriptions factors 
will depend upon future promoter mapping analyses. 
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Table 5-1. MALDI-TOF peptide analysis of the mature Nectarin IH protein. 
observed preclcted amino add amino add 
mass maw sequence mnae 
1 no 3007.589 FWK3IVYBGLWPDPFLSM IENDLK 151-176 
2 no 3005.482 Qlh&lCEAVHNGFETNAAFTXyENER 234-259 
3 no 2220.137 YK3SLTTPPCTEGWWIIDR 206-225 
4 1941.885 1941.931 OWWHTPSBfTTNGER 120-135 
5 1840.897 1840.872 SENGPANVVGMRPDWK 40-55 
6 1708.809 1708.84 FNLEAHLVHESNNGK 26-39 
7 1648.670 1648.65 GEVDDESEFSYDEK 136-150 
8  a 1482.722* YIBSTSHSPGIB< 260-272 
9 a 1391.728* DYKPQWATLLNR 84-95 
1 0 1316.725 1316.721 LQSPCHFDLR 61-71 
11 1167.693 1167.673 GK3UDPNQK 187-197 
1 2  a 1136.595* UiETQYQLK 111-119 
1  3  887.512 887.494 AEWSNLR 72-79 
1  4  880.607 880.441 LDDGGYLK 103-110 
1  5  841.463 841.435 GHDMJR 96-102 
% total amino acids covered: 41.4 % 
% total mass covered: 43.4 % 
a peptide predicted to be N-glycosylated 
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Table 5-2. MALDI-TOF peptide analysis of the Nectarin V protein. 
observed predicted amino add amino add 
masa mass sequence range 
1 no 2953.473 ADYVQKPISVQQLEGIWDFFNAGEAK 341-366 
2 a 2861.374 SGQHDYEGLSYVSEDPFVUDLVGHR 80-105 
3 no 2611.348 TLGFPAGLCfTVGVGGHISGGGmVM_R 137-164 
4 no 2393.094 ENOEMSWIESTLYFAGFPR 300-319 
5 no 2299.160 DEQNIFLASFVSIFLGDIDR 264-283 
6 1977.147 1977.138 TPKPLVIVTPVSEABQR 47-64 
7 no 1885.062 UJJMQENFPELGLVR 284-299 
8 1817.842 1817.896 TAWVETGSTTGELYYK 115-130 
9 1668.856"'" 1668.870 KYSSVLQFSIQNLR " 28-41 
10 1600.817 1600.815 LYAHMEPLVSTSPR 423-436 
11 1445.685 1445.688 FEQNFTPYGGR 367-378 
12 no 1382.680 NBQSPPLVEQE 491-502 
13 1376.738 1376.732 GGGGNTFGLVLAWK 201-214 
14 1324.636 1324.635 SMGEDLFWAIR 190-200 
15 1277.647 1277.648 YGLAADNVIDAR 166-177 
16 no 1267.635 FLQCLSVSDQK 8-18 
17 1175.623 1175.631 GLPFTLYSEAK 330-340 
18 1097.613 1097.563 FPIYTTNNK 19-27 
19 1057.588 1057.579 LHQDLYIR 251-258 
20 b 1045.552 WTTINLDDK 106-114 
21 no 960.500 DLDK3VNSK 444-452 
22 b 939.453 QMTSYAQAK 454-462 
23 no 934.561 VIVFTIDK 224-231 
24 933.481 933.479 VDPSNVFR 483-490 
25 b 904.473 TLEQWATK 232-239 
26 897.463 897.447 WQYVSSK 244-250 
27 888.477 888.479 GESLDVLR 320-327 
28 870.444 870.447 AAYINYR 437-443 
29 827.471 827.437 EBSHVR 71-77 
30 no 799.456 LVDVPEK 217-223 
31 776.378 776.372 LMDANGR 178-184 
32 no 675.367 SVDVQK 1-6 
33 665.2988 665.300 MfDR 471-475 
34 no 657.408 IFHK 259-263 
35 no 646.396 VILCAK 65-70 
36 610.344" 610.320 wnc 42-46 
37 602.387 602.366 VWGIK 463-467 
% amino acids of mature protein covered: 39.4 % 
% total mass of mature protein covered: 40.0 % 
a predicted site of flavin attachment 
b predicted site of N-glycosylation 
c peptide only observed in lowest Nectarin Va, and Nectarin Vb isoform 
d peptide only observed in Nectarin Va isoform 
Figure 5-1. Sequence of the partial Nectarin H/m clone obtained by RT-PCR. Presented are: 
the sequences of the oligonucleotides NecIII-FOR and NecH-REV used for amplification of 
the cDNA; the nucleotide sequence of the cDNA, pRT518; the translated amino acid 
sequence derived from the cDNA; and the N-terminal amino acid sequences of the Nectarin 
II and Nectarin III proteins. 
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NecIII-FOR 5' -GGN GAR GTN GAY GAY GA— - - >  
CDNA GGG GAG GTG GAC GAT GAG AGT GAA TTT AGT TAC GAT GAA AAA AGT 45 
translation G E V D D E S E F S Y D E K S 15 
NecIII N-term X E V D D E S E F S/F Y 
cDNA GAG AAT GGA CCA GCT AAT TGG GGC AAT ATT CGT CCA GAT TGG AAA 90 
translation E N G P A N W G N I R P D W K 30 
cDNA GAA TGT AGT GGC AAA TTG CAG TCT CCT ATT GAT ATT TTT GAC TTG 135 
translation E C S G K L Q S P I D I F D L 45 
NecII-REV < —AN GTY TTY CTR ATR 
cDNA AGG OCT GAA GTA GTT TCA AAC TTG AGA ATA CTG CAA AAA GAC TAC 180 
translation R A E V V S N L R I L Q K D Y 60 
NecII N-term X V S N L R I L Q K D Y 
Ned I-REV TTY GGN-5 ' 
cDNA AAA CC? 186 
translation K 61 
NecII N-term K P 
Figure 5-2. Nectarin III translation and peptides identified by MALDI-TOF fingerprinting 
analysis. Presented are: the translated sequence of pRT521; peptides identified by MALDI-
TOF fingerprinting (shaded in gray) and the corresponding N-terminal sequence of Nectarin 
II and Nectarin HI. The signal peptide is underlined and sites of N-glycosylation are also 
underlined and presented in bold-face type. 
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MRMAAITKML FISFLFLSSV FLAFSÔEyDS. ùS .£• tk'-:?k-7VGK" 50 
(NecIII) XEVDD ESEFSYDEKS ENGPA 
jgggjfllgECSGK ;c I "^Tî-vL RAJTVVSNLRI LQKDYKPSNA TLLt J- -• 100 
(NecII) XVSNLRI LQKDYKPS 
FWIGIVYEI GLWPDPFLSM IENDLKVPAN KKGIER" LDG 200 
KKYFRYIGSL TTPPCTEGW WIIDRKVKTV PRRQINLLQE AVHNGFETNA 250 
RPTQPENERY IMSTSHSFGI EKQQ 274 
Figure 5-3. Identification of Nectarin II/III carbonic anhydrase/monodehydroascorbate 
reductase activity. Panel A. Fifty microliters of crude nectar was subjected to standard 10% 
native PAGE and stained for carbonic anhydrase activity (lane 1) or MDA reductase activity 
(lane 2) as describe in Material and Methods. Panel B. Activity bands were excised from the 
gels in panel A, incubated in Ix Laemmli buSer for 15 minutes at 20°C and then boiled for 5 
minutes. The gel slices were then reapplied to standard 10 % SDS PAGE and stained with 
Coomassie blue R.-250. Lane 1: 50 pi crude nectar, nonboiled. Lane 2) 50 pi crude nectar, 





Necin (40 kDa) 
NecII (35 kDa) 
Figure 5-4. Crude nectar proteins on long 6% SDS PAGE. Crude nectar (50 |il) was 
subjected to standard 6% SDS PAGE (18 cm long gel) and stained with Coomassie Blue R-









Figure 5-5. Sequence of the partial Nectarin V clone obtained by RT-PCR. Presented are: 
the sequences of the oligonucleotides N5-5' and N5-3' used for amplification of the cDNA; 
the nucleotide sequence of the cDNA, pRT507; the translated amino acid sequence derived 
from the cDNA; and the N-terminal amino acid sequence of the puriGed Nectarin V protein. 
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N5-5 • 5'-GCN GTN CAR AAR AAR TT— > 
cDNA GCT GTT CAA AAG AAG TTC CTT CAA TGC TTA TCT 33 
trans A V Q K K F L Q C L S 11 
N-term A V Q K K F L Q X L S 11 
N5-3 ' < -AAR GGN TAD ATR TKN TG-5 ' 
CDNA GTT AGT GAC CAA AAA TTC CCC ATC TAC ACA AC 65 
trans V S D Q K F P I Y T T 22 
N-term V S 0 Q X F P I Y T T 
Figure 5-6. Nectarin V translation and peptides identified by MALDI-TOF fingerprinting 
analysis. Presented are: the translated sequence of pRT522; peptides identified by MALDI-
TOF fingerprinting, shaded in gray; and the corresponding N-tenninal sequence of Nectarin 
V. The signal peptide is underlined and sites of N-glycosylation are also underlined and 
presented in bold-face type. 
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MTMSLLSYLS LLIFLSSLCA ASVDVQKKFL QCLSVSDQKF PlyPQUpgY 50 
j _j%./ ^ ^ ^ VILC KE. —^^VRVR 100 
SGGHDYEGLS YVSEDPFVLI DLVGHRMITI I *' IE ' VJIGF' ^ 150 
ixESKKSKTLG FPAGLCPTVG VGGHISGGGT GVMLRK , ... 200 
DAJSGRILDRK KLVD VPEKVIVFTI 250 
DKTLEQNATK LV : FIHKDEQNIF LASFVSIFLG 300 
DIDRLLLIMQ ENFPELGLVR ENCIEMSWIE STLYFAGFPR EXÈsWWÏtSR 350 
CL Lï2E> TCXDYVQKPIS VQQLEGIWDF FNAGEAKf*'.0 '< "• -r"^ -GILl 400 
DEISEYELPF PHRPGNLYEI QYLMFWDEEG VEEAERHMRW MRRM£HM#P 450 
- )LDIGV NSKKGgTSYA QAK$%^YF KÊXpPDKLVOV 500 
SQSIPPLV EQE 523 
Figure 5-7. Purification of Nectarin V and fluorescence spectra. A. Purification of Nectarin 
V from crude nectar. 1 ml of crude nectar was equilibrated with 100 mL of 0.1 M NaPO^ pH 
5.8 and loaded onto a 1 mL CM-sephadex column (Pharmacia) pre-equilibrated with 10 mM 
NaPC>4 pH 5.8. The flow-through was collected and reapplied to the column two more 
times. The column was then washed with 1 mL volumes of 50 mM NaPO^ pH 5.8 and each 
wash was collected. Pure fractions (determined by SDS PAGE) from an initial four ml of 
crude nectar were pooled and concentrated with a 10,000 MWC UltraFuge ultrafiltration 
centrifuge filter (Osmonics). The concentrated protein (20 ^1) was subjected to 10% SDS 
PAGE and stained with Coomassie Blue R-250. B. The observed excitation and emission 
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Figure 5-8. Determination of FAD covalently bound to Nectarin V. A. Fluorescence of 
Nectarin V after standard 12 % SDS PAGE and exposed on a transilluminator at 366 nm. 
Lane 1 contains 100 |il of crude nectar. Lane 2 contains 100 jig of ammonium sulfate 
precipitated nectar proteins (1000 frame capture using NIH Image software). B. 
Fluorescence of Nectarin V after standard 6 % SDS PAGE and exposed on a transilluminator 
at 366 nm. Lane 1 contains 100 |il of crude nectar. Lane 2 contains 100 fig of ammonium 




Figure 5-9. Nectarin III and Nectarin V expression patterns. Whole RNA was isolated from 
the indicated tissues and RT-PCR was performed as in Material and Methods. A. Temporal 
expression of Nectarin III and Nectarin V in tobacco nectaries. Lane 1, stage 6 nectary tissue; 
lane 2, stage 8; lane 3, stage 10; lane 4, stage 12; lane 5; positive control. B. Spatial 
expression of Nectarin III and Nectarin V in tobacco nectaries. Lane 1, nectary; lane 2, 
ovary; lane 3, floral tube; lane 4, pistil; lane 5, petal; lane 6, receptacle; lane 7, sepal; lane 8, 
pistil; lane 9, leaf; lane 10, stem; lane 11, root. 
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Figure 5-10. Hydrogen peroxide and ascorbate decay in nectar. Hydrogen peroxide and 
ascorbate decay were measured as a function of time. Ascorbate levels were measured by 
absorbance at 265 nm (A), whereas hydrogen peroxide levels were determined as in Carter 
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Figure 5-11. Proposed function of Nectarin II/III in nectar. 1) Nectarin II/III carbonic 
anhydrase activity provides hydrogen ions for the dismutation of superoxide via Nectarin I. 
2) Ascorbate is oxidized by ferric iron to form MDA. MDA is reconverted to ascorbate via 
Nectarin II/III. 3) Ascorbate is oxidized to MDA by hydroxyl radical and reconverted to 
ascorbate via Nectarin II/III. 4) Hydroxide anion is neutralized by hydrogen ions derived 
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CHAPTER 6. GENERAL CONCLUSIONS 
CONCLUSIONS 
It has been demonstrated that ornamental tobacco secretes a small set of proteins into 
its nectar. Attempts for the identification and characterization of these proteins were 
undertaken in order to evaluate possible functions within nectar. From these experiments the 
following can be concluded: 
1) Nectarin I, a 29 kD monomer, is a germin-like protein with manganese- dependent 
superoxide dismutase activity. This protein is expressed in nectary tissues exclusively at 
times when nectar is actively being secreted. This was demonstrated through Western 
Blotting and Nectarin I promoter-reporter analyses. 
2) The product of superoxide dismutase activity is hydrogen peroxide, which accumulates 
in nectar at concentrations up to 4 mM. A role for Nectarin I in the protection of 
reproductive tissues has been proposed. This proposed function is strengthened by the 
fact that putative Nectarin I homologues have been identified in the nectars of other 
plant species. 
3) Nectarin II (35 kD) is a degradation product of Nectarin m (40 kD) and both are derived 
from the same gene product. cDNA cloning identified Nectarin II and Nectarin m as a 
dioscorin-like protein which contains carbonic anhydrase and monodehydroascorbate 
reductase activities. Also Nectarin m is expressed in the nectary from middle through 
late stages of development as well as in the pistils of mature flowers. A role for Nectarin 
H/m in maintaining pH and the oxidative state of nectar has been proposed. 
4) Nectarin V (-65 kD) is a berberine bridge enzyme-like protein. This protein contains a 
covalently bound FAD molecule. Further, the three observed isoforms of Nectarin V 
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result from differential glycosylation. Nectarin V expression nearly mirrors that of 
Nectarin I as it is expressed exclusively in nectaries during later stages of development. 
A potential role in regulating the oxidative state of nectar has been proposed. 
RECOMMENDATIONS FOR FUTURE RESEARCH 
There are a number of directions that research on tobacco nectar(ies) may be taken. 
Several particular areas the author would like to see pursued include: 
1) What is the nature of Nectarin IV? Thus far, all of the other Nectarins have been 
identified, have cDNAs/genes cloned and have been at least partially characterized. 
Attempts at N-terminal sequencing and MALDI-TOF fingerprinting analysis have failed 
to identify Nectarin IV. The author would suggest attempting MALDI-TOF TOF to 
obtain sequence information on individual peptides. A potential role of Nectarin IV as a 
polygalacturonase inhibitor protein (PGIP) is discussed in Appendix A. 
2) Are there signals or "epitopes" present in/on the nectarins that allow for selective 
secretion into nectar? This may be researched by comparing the primary sequences of 
the cloned Nectarins and through physical mapping or through deletion/fusion 
experiments using various DNA constructs. Further, nectarin derived affinity columns 
or yeast two hybrid experiments may identify potential receptors/transporters involved 
in selective secretion. 
3) What regulates nectary specific expression of the nectarins? All of the nectarins share 
very similar expression patterns. This likely results from common control regions within 
the respective promoters. To answer this question one may compare the respective 
promoter sequences, perform promoter deletion analyses or through yeast one or two 
hybrid experiments. For example, Nectarin I promoter-reporter constructs (pRT500-503) 
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have been created that have fragments systematically deleted (ca. 300 nucleotides in each 
construct) from the 5' end of the promoter. Several of these constructs are currently in 
tobacco plants and are awaiting analysis. 
4) Are nectarins truly antimicrobial or necessary for nectar(y) function? This may be 
performed by generating anti-sense expression constructs. For example, a construct may 
be created in which the orientation of the Nectarin I coding region is reversed with 
respect to its own promoter. With this construct transformed into plants one would 
expect greatly diminished expression levels of the Nectarin I protein. From this point one 
could examine potential phenotypic changes within the nectary. 
5) With characterization of the nectar proteome nearly complete, attention can now be drawn 
to that of the biochemistry/molecular biology of the nectary itself. Appendix A describes 
the characterization of superoxide generation in nectaries as well as preliminary results of 
a nectary specific EST/microarray project that has been initiated in the laboratory of Dr. 
Robert Thomburg. 
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APPENDIX: ADDITIONAL SUPPORTING DATA 
P/WwcfzoM of superoxide in omamgnfa/ fo6occo Mgcfari&y 
A central hypo±esis of this dissertation is that nectarins are present in nectar as a 
means to maintain an axenic state and to protect the developing gynoecium. It has been 
shown that there is an enzyme (Nectarin I) in nectar whose product is hydrogen peroxide. 
This product is toxic to most cells at 10-100 concentrations (Halliwell and Gutteridge, 
1999). Further, hydrogen peroxide accumulates in nectar at a concentration of up to 4 mM. 
If Nectarin I is truly producing in nectar, an obvious question to ask is, "What is the 
source of substrate (superoxide) for the SOD activity present in nectar?" 
To test for a possible source of superoxide in floral tissues, an m vivo histochemical 
staining assay was developed. Nitroblue tetrazolium (NET) rapidly reacts with superoxide to 
form a reduced, insoluble purple/black dye (Halliwell and Gutteridge, 1999). A 0.2% 
solution of NET was prepared in a 20% sucrose solution and the pH was adjusted to 7.0. 
This stain was then pipetted into the floral tubes of flowers on soil grown ornamental 
tobacco, mixed gently and allowed to incubate for 8-16 hours. Stained flowers were 
removed from the plant and carefully dissected with a razor blade. This process readily 
identified two discrete zones on the nectary surface 180° opposite of each other where 
superoxide was actively being produced. An example of these staining patterns is shown in 
panel A of Figure A-1. 
Much research has revealed that superoxide and hydrogen peroxide play a very 
important role in plant defense (Bolwell, 1999; Sandermann, 2000). There are two current 
schools of thought as to how superoxide is generated at the apoplast. One proposed 
mechanism is that mammalian-like NADPH oxidases (Aro6%fopjij has 6 potential 
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homologues) generate superoxide in plants (Bolwell, 1999). Extracellular peroxidases with 
NAD(P)H (peroxidase activity are the other proposed source of radical generation (Bolwell, 
1999). These enzymatic activities can be differentiated from one another by inhibition 
assays. NAD(P)H (per)oxidase activity can be inhibited by azide, cyanide and diphenylene 
iodonium (DPI), whereas mammalian-like NADPH oxidases are only inhibited by DPI. The 
NET histochemical stain was again performed including the various inhibitors of NAD(P)H 
oxidase activity. Results indicated that the source of superoxide is a mammalian-like 
NAD(P)H oxidase (Figure A-l, panel A). Further, a partial 0.6 kb fragment encoding a 
mammalian-like NAD(P)H oxidase subunit (gp9lP*°*) has been isolated from nectary tissue 
by RT-PCR and further supports the likelihood that a nectary expressed NADPH oxidase is 
the true source of superoxide in nectaries (data not shown). 
The source of hydrogen peroxide in nectar was also examined by determining if 
Nectarin I and superoxide generation are coexpressed. This was performed by a 
developmental NET histochemical staining assay as well as Nectarin I promoter-reporter 
enzyme assays. Results of this experiment are shown in panel B of Figure A-l. This 
experiment indicated that Nectarin I expression precisely coincides with that of superoxide 
generation, thus also strengthening a role for Nectarin I in hydrogen peroxide production in 
nectar. 
Finally, to determine if nectar is truly antimicrobial a bacterial killing assay was 
developed. In this assay, E. co/% was plated as a lawn and wells were created in the plates 
using gentle suction with a pasteur pipet. Fresh crude nectar, either treated or untreated with 
catalase, was promptly pipetted (20 |il) into the wells. Catalase rapidly degrades hydrogen 
peroxide into nontoxic water and oxygen. Results from this experiment are shown in panel C 
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of Figure A-l, and demonstrate that ornamental tobacco nectar is antimicrobial and this 
characteristic results from the presence of hydrogen peroxide. 
PG/P ocfzWfv of mgcfar 
Pathogenic microorganisms often secrete degradative enzymes during the infection 
process. One common enzyme class are the polygalacturonases, which are used to break 
down plant cell walls (Powell et al., 2000). Plants try to counteract this activity by 
expressing polygalacturonase inhibitor proteins (PGIPs) (Powell et al., 2000). To test the 
presence of PGIP activity in nectar, a standard plate assay was used (Taylor and Secar, 
1988). When examined, crude nectar, ammonium sulfate precipitated nectar proteins and 
dialyzed nectar significantly inhibited a PGIP from the pathogenic fungus B. cmzrga, 
whereas boiled nectar did not. These results suggest that there is a proteinaceous 
polygalacturonase inhibitor expressed in tobacco nectar. Results from this experiment are 
shown in figure A-2. Studies arc currently underway to determine if Nectarin IV has the 
observed PGIP activity. 
With characterization of the nectar proteome nearly complete, attention is now 
turning to the molecular biology of the development/physiology of the nectary. Part of this 
effort has been initiated through an EST (Expressed Sequence lag) sequencing project. Four 
cDNA libraries have been created for this purpose. Three libraries were made from mature 
nectary tissues (Stage 12), whereas a subtractive cDNA library was prepared from immature 
nectaries (Stage 6). Characteristics of these cDNA libraries can be found in Table A-l. 
While sequencing of these libraries is in its infancy, an analysis of 60 ESTs from the Stage 6 
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and Stage 12 libraries revealed that a large percentage (21%) of clones encode defense 
related proteins. Details of this initial EST analysis are shown in Table A-2. Thus far 2,343 
Stage 6 ESTs have been collected into 96 well plates and roughly 10,000 Stage 12 clones 
will be collected in the near future. Also, a subtractive Stage 2 nectary cDNA library will 
soon be soon created. More information on these libraries as well as results from the EST 
sequencing project will be made available at: 
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Table A-l. Description of cDNA libraries created for EST sequencing project. 
Stage 12 Expressed cDNA Library #3 
Poly A RNA isolated from Stage 12 Nectaries 
total plaques 454,000 pfu 
% recombinant 39% 
total recombinants 180,000 pfii 
avg. insert size 780 bp 
% full length > 90 % 
Stage 12 Expressed cDNA Library #2 
Poly A RNA isolated from Stage 12 Nectaries 
total plaques 625,000 pfu 
% recombinant 49% 
total recombinants 310,000 pfu 
avg. insert size 800 bp 
% full length > 90% 
Stage 12 Expressed cDNA Library #1 
Poly A RNA isolated from Stage 12 Nectaries 
total plaques 977,000 pfu 
% recombinant 69% 
total recombinants 670,000 pfu 
avg. insert size 860 bp 
% full length 88 % 
% clones identified 78 % 
Stage 6 Subtracted cDNA Library #1 
Poly A RNA isolated from Stage 6 Nectaries. From this, we subtracted Stage 12 
(mature) nectary sequences using the Clontech PCR-Select cDNA subtraction kit 
(K1804-1) and the remaining sequences were cloned into a plasmid vector 
(pCR2.1-TOPO, Invitrogen) to produce a subtracted cDNA library. 
total colonies 8,100 colonies 
% recombinant 58% 
total recombinants 4,700 colonies 
avg. insert size 550 bp 
% clones identified 9 of 10 
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Table A-2. Preliminary EST analysis of Stage 6 and Stage 12 nectary cDNA library. 
Transcription Necgex ID 
1. Induced stolen tip protein 1A04,1B02 
2. SWIB chromatin remodeling protein 1A06 
3. putative F-box protein 1C10 
4. myb340 1D06 
5. slFa 111A04 
6. CRC (crabs claw) independent clone 
Translation 
7. RNA binding protein 1A01 
8. Ribosomal protein S4 1A02 
9. Ribosomal protein S7 1A09 
10. Ribosomal protein S29 1D07,111A02 
11. Ribosomal protein L32 1B09 
12. Ribosomal protein L38 1C08 
Signal Transduction 
13. calcineurin B-like protein 1B12 
14. protein phosphatase 2C 1C02 
Protein Processing/Secretion 
15. rab-type small OTP binding protein 1C03 
16. peptidylprolyl isomerase (EC 5.2.1.8) 1A08,1C05 
17. Aquaporin 1D08 
18. cyclophilin 111A05 
Metabolism 
19. lipid transfer protein 1A07,1D02 
20. ACC oxidase 1B05,1D09 
21. sterol4-alhpa-methyloxidase 111A08,111A10 
22. panthocyanidin-3-glycoside ramnosyltransferase 111A09 
23. lipid trans&r protein type 2 1D03 
Defense 
24. Nectarin I 1A05,1D11 
25. Nectarin m independent clone 
26. Nectarin V independent clone 
27. Nectary NADPH oxidase gp91(phox) independent clone 
28. wound-induced protein Snl 1A10 
29. metalothionien 1A11, IB 10 
30. late embyrogenesis abundant protein 5 (lea 5) 1A12 
31. Snakin 1 antimicrobial peptide 1B01,1C06,1E01 
32. metalothionien-like protin 1C11 
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Table A-2. confd 
33. metalothionien (type 2) 




35. cysteme-rich extensin-like protein 2 




37. selenium binding protein 





*Total clones analyzed: 60 
* clones with the "1" prefix are from Stage 12. 
* clones with the "111" prefix are from Stage 6. 
Figure A-l. Superoxide generation in nectaries and antimicrobial activity of nectar. A. 
Nectaries were stained with the superoxide detector NBT according to the text, with (bottom 
row) or without (top row) the NADPH oxidase inhibitor DPI (50 pM). B Nectaries from 
Stage 6, 8, 10 and 12 tobacco flowers were stained with the superoxide detector NBT 
according to the text and compared to the expression profile of chloramphenicol acetyl 
transferase under control of the Nectarin I promoter (see Chapter 4). C Nectar (20 pi) was 
added to wells on a plate of E. co/z either with (right well) or without (left well) catalase 
added. 
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Figure A-2. Polygalacturonase inhibitor activity of nectar. A standard plate assay was used 
to determine inhibitory effects of nectar proteins on polygalacturonase activity from 
cmereo. 1. PGIP alone. 2. PGIP plus crude nectar. 3. PGIP plus dialyzed nectar. 4. PGIP 
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